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CHAPTER 1:  INTRODUCTION 
Exploring potential energy surfaces using electronic structure theory can provide 
a deeper level understanding of molecular properties. Electronic structure calculations 
have been instrumental in providing a detailed and insightful picture of chemical 
processes that are not easily accessible from experiments. With recent advancement in 
computer resources, systems with 50-100 atoms can be explored by using accurate 
quantum mechanical (QM) methods within a reasonable time scale. QM studies have 
been the standard tools for predicting the fate of various chemical reactions including 
their structural properties in many cases, and are being used as analytical tools to 
understand existing experimental results. The research described in this dissertation is 
dedicated to explaining some of the experimentally observed processes by using 
contemporary electronic structure calculations that are best suited for these systems. 
For each of the applications discussed in following Chapters, a review of the pertinent 
literature, purpose of the research, and its relationship to existing literature has been 
described in some detail. In the chapters of this dissertation, modern computational 
techniques are used as predictive tools generating new results as well as analytical 
tools for providing a greater understanding of existing experimental results.  The 
computational studies in this dissertation span multiple areas of chemistry including 
chemical physics, organic, and bio-organic chemistry. 
In Chapter 2, the fragmentation and isomerization patterns of methanol 
monocation in strong laser fields are investigated on the ground state potential energy 
surface by using ab initio classical trajectory simulations. Yamanouchi and co-workers 
have experimentally examined the behavior of methanol mono- and dications in strong 
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laser fields by using intense 800 nm laser pulses.1-8 The short, intense laser pulses first 
ionize the molecules and then cause the molecules to undergo isomerization and 
fragmentation reactions. To avoid competition between ionization and other chemical 
reactions, the simulations were performed using singly ionized methanol, i.e. methanol 
monocation. By using ultrafast intense laser pulses with a field strength of 0.09 a.u. 
(2.86 x 1014 Wcm-2) for the first 40 fs, we investigated the isomerization and dissociation 
pattern of methanol monocations. Classical Borh-Oppenheimer molecular dynamics 
(BOMD) simulations showed that ground-state methanol cation gained only a few 
kcal/mol from an 800 nm laser field, suggesting that excited states and coupled 
nuclear−electron dynamics may be important for interactions with 800 nm laser pulses.  
The method of investigating the nuclear dynamics established from the study of 
methanol monocation is extended in Chapter 3 and 4 by studying the dynamics of 
CH3X+ (X= NH2, OH, and F) molecules in the mid-IR region. Chapter 3 compares the 
dynamical behavior of methanol monocation in strong laser fields with 800 nm versus 7 
µm wavelengths. The latter wavelength (7 µm) was chosen to be near the C-H bond 
bending frequency. Mid-IR laser fields interacted directly with the molecular vibrations of 
CH3OH+ depositing enough energy to cause significant amounts of isomerization and 
dissociation on the ground-state surface. In Chapter 4, we explored the effect of 
changes in potential energy surface on the isomerization and dissociation reactions 
driven by the laser field for CH3NH2+, CH3OH+, and CH3F+. Born−Oppenheimer 
molecular dynamics on the ground-state potential energy surface were calculated with 
the CAM-B3LYP/6-31G(d,p) level of theory for the cations in a four-cycle laser pulse 
with a wavelength of 7 μm and intensities of 0.88 × 1014 and 1.7 × 1014 Wcm-2.  
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Oxidative damage to DNA may result from exposure to reactive species resulting 
from cellular metabolism, ionizing radiation or a variety of chemical oxidants.9-16 
Obtaining the reduction potential of individual nucleosides as a function of pH is 
important for understanding the mechanism of oxidative damage of DNA. Despite the 
technological advances in experimental instruments, accurate experimental 
measurements of pKa’s and redox potentials of nucleobases and their oxidized 
intermediates present in complex chemical environments are still challenging due to 
their insolubility, transient lifetime, and irreversibility. On the theoretical side, one of the 
biggest challenges in computing free energy changes in the aqueous phase (required 
for pKa’s and redox potential calculations) is accurately incorporating the solvation 
effects on the neutral and ionic species involved in redox and proton-transfer processes. 
The use of explicit solvent provides an accurate description of solute-solvent 
interactions and dynamics. However, those calculations are still very expensive for 
studying chemically interesting systems. Alternatively, the continuum solvation models 
(also called implicit solvation), where the solvation effects are incorporated by having a 
cavity with a dielectric medium are cost-effective and incorporate most of the solvation 
effects. The continuum models have qualitatively explained many of the macroscopic 
properties of solutes in solution. However, these solvation models do not explicitly 
incorporate some of the short-range solute-solvent interactions such as the hydrogen-
bonding that could be important.17-20 The necessity of addressing the explicit solute-
solvent interactions (e.g. H-bonds) is more obvious in the calculation of redox potentials 
and pKa’s where results within chemical accuracy are required. In Chapter 5, we 
developed a computational protocol for calculating standard and pH dependent redox 
		
4 
potentials and pKa’s for the canonical nucleobases: guanine, adenine, cytosine, 
thymine, and uracil using a few explicit water molecules with a polarizable continuum 
solvation model. 
There are many chemically interesting and biologically important compounds 
without the experimentally known pKa’s where the method developed in Chapter 5 can 
be used. One of the important class of those compounds is organic thiols. Organic thiols 
have a wide variety of uses and applications in chemistry, biochemistry, and material 
chemistry. In biochemistry, for example, thiols are known for antioxidant properties such 
as radical quenching.21, 22 The thiol/disulfide bonds are important in maintaining the 
structural stability of soluble proteins.23, 24  Some interesting examples from material 
science include the use of aromatic dithiols in molecular electronics, surface-enhanced 
Raman spectroscopy, and quantum electronic tunneling between plasmonic 
nanoparticle resonators.25-31 Understanding the properties and reactivities of thiols as a 
function of pH requires a reliable set of measured or calculated acid dissociation 
constants. Despite their importance, the only models available for calculating pKa’s of 
thiols involve linear regression fits.29, 32-34 Direct calculations of pKa for thiols have been 
reported only for a few molecules such as methanethiol and ethanethol.35 In Chapter 6, 
we adapted the protocol developed in Chapter 5 to calculate pKa’s of substituted 
organic thiols directly, without resorting to linear fits. We also compared the 
performance of a wide range of DFT functionals using the SMD implicit solvation model 
with and without explicit waters around the solute. Since the protocol developed in 
Chapters 5 and 6 is general enough to be applied to any computationally affordable 
system of interest, we have used this method to predict the pKa’s of a wide range of 
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substituted organic selenols in Chapter 7, and alcohols, phenols, and hydroperoxides in 
Chapter 8. 
In Chapters 9-11, we explored some mechanisms for oxidative damage to the 
DNA. Oxidatively generated damage to DNA is thought to be responsible for a variety of 
biological effects including cellular aging, carcinogenesis, and mutagenesis.36-39 
Oxidatively induced damage can change DNA such as nucleobase modifications, 
nucleobase deletions, strand breaks, and the formation of DNA-protein crosslinks 
(DPCs). DPCs are predicted to interfere with a number of DNA metabolic processes 
including transcription, replication, and repair. DPC formation has been observed under 
a wide range of oxidative conditions and the various mechanisms involved in their 
formation have been the subject of study by several experimental groups.40-56 Guanine 
is the most easily oxidized of the nucleobases because it has the lowest oxidation 
potential among different nucleobases. Under the oxidative conditions, it is well 
established that guanine undergoes oxidation to form 8-oxoG which can be further 
oxidized.53, 57-62 Numerous in vitro studies have shown that covalent adducts can be 
formed between guanine oxidation products and proteins such as histone and amino 
acids such as lysine and histidine.39, 42, 44-47, 49, 50, 54, 63-68 Burrows and coworkers46 have 
used a wide range of oxidizing agents including type I and type II photosensitizers, 
sulfate radical and Ir(Cl)62- to study the formation of C5 and C8 crosslinks between 
lysine and 2’-deoxyguanosine, and observed that the distribution of the final cross-
linked products depended on the nature of the oxidizing agents. A summary of the 
possible pathways for the formation of guanine:lysine adducts in the presence of type I, 
type II and/or one-electron oxidants is shown in Scheme 1.1. Chapters 9, 10, and 11 
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aim to shed some light on this dependence of crosslink products on the oxidizing 
agents. In Chapter 9, we mapped out the potential energy surfaces for triplet 
benzophenone initiated, radical mediated oxidation of guanine leading to the formation 
of mono- and dimethylamine substituted spiroiminodihydantion products by using DFT 
calculations with SMD solvation. In addition to barrier heights and enthalpies, pKa’s and 
reduction potentials were calculated for intermediates to find the lowest energy paths.  
Chapter 10 investigates the oxidation of guanine by singlet oxygen, generated by 
a type II photosensitizer, and the subsequent reaction pathways for nucleophilic addition 
of lysine to form guanine:lysine adducts. Type II photosensitizers such as Rose Bengal 
and methylene blue can generate singlet oxygen, which leads to a different ratio of 
products than oxidation by type I photosensitizers or by one-electron oxidants. The 
computational study of the reaction of singlet oxygen is challenging because of the 
multireference character of 1O2. Reactions of singlet oxygen with guanine were explored 
by using CASSCF, NEVPT2, DFT, CCSD(T), and BD(T) calculations with SMD implicit 
solvation. The energies of spin contaminated, broken symmetry (BS) structures were 
corrected using Yamaguchi’s approximate spin projection (AP) method.[63, 65] Formation 
of guanine:lysine crosslinks in the presence of one-electron oxidant, sulfate radical is 
investigated in Chapter 11. 
In the final Chapter, the topics discussed in previous Chapters are reviewed and 
some suggestions are made about future work.  
		
7 
 
Scheme 1.1  Possible pathways for the oxidation of guanine and formation of lysine (or 
methylamine) substituted spiroiminodihydantoin (Sp) in the presence of type I, type II 
photosensitizers, and one-electron oxidants.	
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CHAPTER 2:  MOLECULAR DYNAMICS OF METHANOL MONOCATION 
(CH3OH+) IN STRONG LASER FIELDS 
Reproduced with permission from J. Phys. Chem. A 2014, 118, 1769-76  
Copyright 2014, American Chemical Society 
2.1  Introduction 
 In a series of recent papers, Yamanouchi and co-workers have examined the 
fragmentation of methanol by intense 800 nm laser pulses, with an aim to 
understanding the behavior of methanol mono- and dications in strong laser fields.1-8 
They measured the kinetic energy release for H2+ and H3+ ejected from the mono- di- 
and trications of methanol.1 By comparing the yield of HD+ and D2+ from CD3OH, they 
were able to estimate the H/D exchange rate in the ion.1  Coincidence momentum 
imaging was used to identify hydrogen ejection processes for the dication, CH3OH2+ ® 
CH3-nOH+ + Hn+ and angular distribution patterns were used to estimate lifetimes.2,3  The 
three body Coulomb explosion of the trication, CH3OH3+ ® HCO+ + H+ + H2+ was found 
to occur in a stepwise manner, with either H+ or H2+ ejected first.4 Coincidence 
momentum imaging revealed that hydrogen migration occurred in the dication within the 
laser pulse.5  For pulse lengths of 7, 21 and 60 fs, the relative yields of CH3OH2+ ® 
CH3+ + OH+ and CH3OH2+ ® CH2OH22+ ® CH2+ + H2O+ were 1:0.13, 1:0.17 and 
1:0.50.6 A pump-probe coincidence momentum imaging method was used to study 
ultrafast hydrogen migration.7,8 The 38 fs 800 nm pump pulse produced methanol 
monocation, and a probe pulse delayed by 100 – 800 fs was used to generate the 
dication whose fragments were detected by coincident momentum imaging. With the 
help of the ground state potential energy surface of methanol monocation, the results 
were interpreted in terms of ultrafast hydrogen migration driven by the laser pulse, and 
slower migration and fragmentation occurring after the pulse.7,8 As a first step in 
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studying the isomerization and fragmentation of methanol by intense laser pulses, we 
have used ab initio classical trajectory calculations to investigate the dynamics of 
methanol monocation on the ground state potential energy surface in the presence of a 
strong laser field.  
 The potential energy surface for neutral methanol is well known experimentally 
and has been the subject of numerous computational studies (for early work see ref 
9,10; for recent MRCI calculations, see ref 11).  By contrast, the potential energy 
surfaces for the mono- and dications of methanol have some unexpected features.  
Calculations of the monocation potential surface by Bouma, Nobes and Radom12 
showed that the lowest energy structure is H2COH2+ and not CH3OH+; this was quickly 
confirmed experimentally.13,14  Pople, Radom and coworkers15 mapped out the CH3OH+ 
potential energy surface at the G216 level of theory and found very good agreement with 
available experimental data. Wiest17 demonstrated that B3LYP calculations of the 
CH3OH+ surface were in good agreement with the G2 calculations.  More detailed 
calculations by Radom and coworkers refined the energy difference between is 
H2COH2+ and CH3OH+18 and showed the latter had an eclipsed conformation.19  The 
fragmentation of doubly ionized methanol has been studied experimentally by Eland 
and coworkers using photoionization and photoelectron-photoion-photoion-coincidence 
(PEPIPICO) detection.20,21  Radom and coworkers explored the potential energy surface 
for the singlet dication and found H2COH22+ to be much more stable than CH3OH2+.22,23  
In prior work, we have used Born-Oppenheimer molecular dynamics to explore 
the dissociation of energized mono- and dications under field-free conditions and within 
a laser pulse.24-28  Laser fields in the optical range were found to enhance the 
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decomposition of H2NCH2+.26  For oriented ClCHO+, mid-IR laser pulses promoted 
reaction channels that were energetically and entropically disfavored.28  The aim of this 
initial study is to explore the effect of an intense 800 nm laser pulse on the isomerization 
and fragmentation of methanol cation on the ground state potential energy surface.  
Further studies can address dynamics on excited state surfaces and the possibility of 
coupled nuclear-electron dynamics during the pump pulse. 
2.2  Methods 
Calculations were carried out with the development version of the Gaussian 
series of programs.29  Geometries were fully optimized; vibrational frequencies were 
computed to obtain zero point energies and to confirm that the structures were either 
minima or transition states. Reaction enthalpies at 0 K were calculated with the CBS-
APNO,30 CBS-QB331 and G432 compound methods, and with second-order Møller-
Plesset perturbation theory and density functional theory using the B3LYP33-37 and 
CAM-B3LYP38 functionals with the 6-31G(d,p) and 6-311++(d,p) basis sets.  For some 
of the CBS-APNO calculations of the dication transition states, zero point energy was 
calculated using the QCISD optimized geometry. 
 The strong electric field of an intense laser pulse will distort the electron density 
of a molecule and thereby affect its dynamics.  One way to test whether a given level of 
theory adequately models the response of the density to the electric field is to examine 
the dipole moment. A plot of the dipole moment of CH3OH+ as a function of a static field 
directed along the C-O bond is shown in Figure 2.1.  Compared to CCSD(T), Hartree-
Fock and MP2 show the wrong behavior. DFT methods like B3LYP and CAM-B3LYP 
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(as well as related long range corrected functionals, not shown) agree quite well with 
the CCSD(T) curve. 
Classical trajectories were computed on the ground state potential energy 
surface using our recently developed Hessian-based predictor-corrector algorithm for 
simulating molecular dynamics in a laser field.39  In this method the surface is approximated 
by a distance weighted interpolant (DWI) using the first and second derivatives of the 
energy. The first derivatives of the gradient with respect to the electric field are also 
included in the predictor and the corrector steps. The velocity Verlet method with 
∆t=0.0025 fs is used to integrate both the predictor and corrector steps on the DWI 
surface.  An overall step size of ∆t = 0.25 fs is employed and the Hessian is updated40,41 
for 20 steps before being recalculated analytically. A Ti:sapphire laser pulse was modeled 
by a time varying electric field with a wavelength of 800 nm. The pulse length was 15 
cycles (40 fs) with either a trapezoidal envelope (increasing linearly for the first cycle 
and decreasing linearly for the last cycle) or a cosine squared envelope. The maximum 
field strengths were 0.09 au (2.9´1014 W/cm2) and 0.07 au (0.88´1014 W/cm2). The 
direction of the laser field was chosen randomly and the starting structures had no 
rotational energy.  Zero point energy and any additional vibrational energy were added 
to the initial structure using orthant sampling of the momentum.42  
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2.3  Results and Discussion 
2.3.1  Structures and Energetics 
The energetics for the fragmentation of methanol neutral, monocation and 
dication are summarized in Figure 2.2–4 and in Tables S1–S4 of the Supporting 
Information of the original text.  Since the trajectory calculations focus on the dynamics 
of methanol monocation in strong laser fields, it is appropriate to use the potential 
energy surface of the monocation to examine the accuracy for the different 
computational models.  Table S2 shows that the CBS-APNO, CBS-QB3 and G4 levels 
of theory agree very well with each other and published high level 
calculations,11,15,18,19,23 and therefore these will be used as reference values.  Hartree-
Fock calculations are not expected to be adequate because many of the reactions are 
bond dissociations.  MP2 calculations generally underestimate the reaction energies 
and B3LYP calculations overestimate the reaction energies.  The CAM-B3LYP data is in 
somewhat better agreement with the high level calculations.  The CAM-B3LYP 
functional has the added advantage of better long range behavior, which may be 
important for treating the distortion of the electron density by the strong laser fields.  
With the exception of reactions involving C-O dissociation, increasing the basis set from 
6-31G(d,p) to 6-311++G(d,p) had only a modest effect.  For the molecular dynamics 
calculations in strong laser fields, we have chosen CAM-B3LYP/6-31G(d,p) as an 
appropriate compromise between accuracy and affordability.    
For neutral methanol, all of the pathways are strongly endothermic (Table S1).  
The O-H bond has the highest dissociation energy (104 kcal/mol at the CBS-APNO 
level of theory), followed by the C-H bond (94 kcal/mol) and the C-O bond (90 kcal/mol).  
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The 1,2 hydrogen shift to form the CH2OH2 ylide is also strongly disfavored (82 
kcal/mol).  The barrier for the reverse reaction is very small (2 kcal/mol), indicating that 
neutral CH2OH2 is unstable, in contrast to the ylide mono- and dications (see below).  
The loss of H2 to give hydroxycarbene has a reaction energy of 77 kcal/mol.  The barrier 
for hydroxycarbene insertion into H2 (5.6 kcal/mol) is similar to fluorocarbene insertion 
into H243 (4.6 kcal/mol at CBS-QB3). 
Key structures for the CH3OH+ potential energy surface are collected in Figure 
2.5. Methanol monocation prefers the eclipsed conformation over staggered at the 
highest levels of theory.19 The rotation barrier (1 kcal/mol) is similar to the neutral form. 
While there are only high energy dissociation pathways on the neutral methanol 
potential energy surface, the monocation surface has three low energy channels (Figure 
1 and Table S2).  Breaking a C-H bond leads to CH2OH+ (17 kcal/mol at CBS-APNO), 
which has a C-O double bond and can viewed as protonated formaldehyde.  The 1,2 
hydrogen shift reaction has a barrier of 24 kcal/mol and leads to an ylide cation, 
CH2OH2+ that is 8 kcal/mol more stable than CH3OH+. While the neutral ylide has the 
H2O group perpendicular to CH2, the monocation is nearly planar with the H2O and CH2 
groups slightly pyramidal in opposite directions.  Methanol monocation can also lose H2 
with a barrier of 31 kcal/mol to yield HCOH+ (24 kcal/mol).  The dissociation energies of 
the O-H and C-O bonds in CH3OH+ (100 and 66 kcal/mol) and the C-O bond in 
CH2OH2+ (78 kcal/mol) remain high. 
A second ionization of methanol can yield either a singlet or triplet dication 
(Figure 2.3-2.4 and Tables S3 and S4 of the Supporting Information of the original text).  
Selected structures are compared in Figure 2.6. The geometry of triplet CH3OH2+ is 
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similar to neutral methanol but with a larger HOC angle.  Although the open shell singlet 
CH3OH2+ would be expected to have an analogous structure, all attempts to optimize 
the geometry lead to a much lower energy 1A¢ structure, H2-HCOH2+, with two long C-H 
bonds and a short H-H bond (53 kcal/mol below triplet CH3OH2+ at CBS-APNO).  A 1,2 
hydrogen shift in CH3OH2+ leads to the ylide dication, CH2OH22+. Triplet CH2OH22+ 
resembles the neutral ylide (H2O group perpendicular to CH2) and is 13 kcal/mol below 
CH3OH2+ with a barrier of 30 kcal/mol.  The singlet CH2OH22+ is planar and can be 
described as doubly protonated formaldehyde, which is isoelectronic with ethylene. The 
barrier for its formation from CH3OH2+ is only 17 kcal/mol and the ylide is 54 kcal/mol 
more stable than singlet CH3OH2+. The lowest dissociation channels of the dication 
surfaces lead to two monocations and have barriers arising from a competition between 
the increasing energy as bonds are stretched and decreasing Coulomb repulsion as the 
ions separate.  On the triplet surface, the barriers for CH3OH2+ ® CH2OH+ + H+, CH3O+ 
+ H+ and CH3+ + OH+ are 31, 32 and 30 kcal/mol, respectively, at the CBS-APNO level, 
and the enthalpies of reaction are -40, -51 and -100 kcal/mol, resp. The barrier and 
enthalpy of reaction for singlet CH3OH2+ ® CH2OH+ + H+ are considerably lower (20 
and -81 kcal/mol) because of the greater stability of singlet CH2OH+.  Because lowest 
singlet state of CH3OH2+ is 1A¢, O-H and C-O dissociation to form 3å or 1∆ OH+ and 
CH3O+ requires a crossing to a different state.  Since singlet CH3OH2+ has two long C-H 
bonds and a short H-H bond, it can dissociate easily to HCOH2+ + H2 (17 kcal/mol); 
crossing to a lower energy surface leads to HCOH+ + H2+ (-26 kcal/mol).  Formation of 
H2+ is more exothermic on the triplet surface (-79 kcal/mol) but proceeds stepwise: H+ 
dissociates first and then abstracts H to form H2+.  Pathways for the loss of CH2OH22+ 
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include C-O, C-H and O-H bond dissociation, with higher barriers on the singlet surface 
(99, 111 and 56 kcal/mol, resp.) than on the triplet surface (27, 34 and 49 kcal/mol, 
resp.). 
2.3.2  Dynamics in a Laser Field 
 The results of several series of Born-Oppenheimer trajectory calculations for 
various conditions are summarized in Table 2.1 (for the quantitative detail of the 
products, see the Table S5 of the Supporting Information of the original text).  In the 
experiments by Yamanouchi and co-workers,7,8 an initial 40 fs 800 nm pulse ionized 
methanol to the monocation, and after a delay of 100 – 800 fs a second pulse ionized 
the system to a dication. The dication dissociated and the fragments were detected 
using coincidence momentum imaging. If the ionization by the first pulse is vertical, then 
neutral CH3OH is an appropriate starting geometry for the trajectories.  If the initial 
ionization is considered adiabatic, then the optimized monocation geometry is 
appropriate.  Neutral CH3OH is staggered while CH3OH+ is eclipsed; both have a 
rotation barrier of 1 kcal/mol at the CBS-QB3 level of theory.  For each set of conditions, 
we have started half of the monocation trajectories from the staggered CH3OH 
geometry and the half from the eclipsed CH3OH+ geometry optimized at B3LYP/6-
31G(d,p) to cover both ionization scenarios and the nearly free internal rotation. 
 The classical trajectories were calculated on the ground state Born-Oppenheimer 
surface with the CAM-B3LYP/6-31G(d,p) level of theory.  The orientations between the 
laser field and the molecules were chosen randomly.  To maximize the interaction of the 
laser field with the molecule, a trapezoidal pulse was used in the simulations. 
Trajectories calculated with a cosine pulse yielded qualitatively similar results for 
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selected tests. Trajectories were calculated with a field strength of 0.09 au, 0.07 au and 
without a laser field.   
 An initial test set of 100 trajectories showed that methanol cation picked up a 
maximum of only 15 kcal/mol from a 40 fs 800 nm pulse with a maximum field strength 
of 0.09 au. This is not sufficient to overcome even the lowest barriers on the ground 
state surface of methanol monocation.  This suggests that the initial ionization deposits 
considerable vibrational energy in the cation. Orthant sampling was used to add 
vibrational kinetic energy to the starting structures.  Since the addition of 50 kcal/mol of 
kinetic energy caused only a few dissociations, most of the trajectories were calculated 
with 75, 100 and 125 kcal/mol of additional kinetic energy.   
 Some of the trajectories in which H+ dissociated during the pulse showed a very 
large gain in energy from the laser field.  A closer examination of these trajectories 
revealed that at large C-H distances, the charge on the hydrogen varied from H+ to H. to 
H- as the field changed sign.  This is an artifact of calculating the lowest energy state in 
the Born-Oppenheimer approximation (i.e. not taking into account the electron 
dynamics).  Since the energy gain and charge oscillation was not a problem until C-H 
distance became fairly large, these trajectories were terminated at 3 Å and were 
classified as H dissociations.  Those trajectories that did not fragment either showed no 
change or underwent 1,2 hydrogen migration.  
Trajectories for methanol radical cation were started from both the staggered 
CH3OH geometry and the eclipsed CH3OH+ geometry with 75, 100 and 125 kcal/mol of 
initial vibrational kinetic energy in addition to zero point energy.  For each case about 
200 trajectories were integrated for 400 fs, for a total of ca 1200 trajectories. The 40 fs 
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trapezoidal laser pulse was oriented randomly and had a maximum field strength of 
0.09 au (corresponding to an intensity of 2.9´1014 W cm-2).  Since the two starting 
geometries gave similar branching ratios (see Table S5 in the SI), the data have been 
combined. The results reported as percentages in Table 2.1 and are summarized 
graphically in Figure 2.7.  For each set of initial conditions, CH3OH+ ® CH2OH+ + H was 
the dominant channel, accounting for about 80% of the trajectories.  Loss of H2 
occurred in 9-13% of the trajectories.  The CH3+ + OH and CH2OH2+ products were 
seen in only 1-3% of the cases.  About 7% of the trajectories did not fragment or 
isomerize in 400 fs with 75 kcal/mol of initial energy, but all trajectories reacted within 
400 fs with 125 kcal/mol.  An examination of the initial orientations of the molecule in 
electric field of the laser did not reveal a discernible directional preference for any of the 
reaction channels.  Analysis of the products of CH3OH+ ® CH2OH+ + H trajectories did 
show a higher probability for hydrogen ejection aligned with the field. 
The initial kinetic energy had a noticeable effect on the product ratios.  The 
amount of CH3+ + OH increased with increasing energy, as expected for this high 
energy dissociation channel.  The yield of HCOH+ +H2 stayed about the same but the 
amount of hydrogen migration to give CH2OH2+ decreased as the initial kinetic energy 
was raised.  While the yields of CH2OH2+ and CH3+ + OH were relatively small, the 
fraction of hydrogen migration g = nmig / (nmig + nOH) decreased significantly as the initial 
energy was increased.  
The amount of initial energy also affected the reaction times. With 75 kcal/mol 
initial energy, 43% of the trajectories reacted within the 40 fs pulse.  This rose to 67% 
with an initial energy of 125 kcal/mol.  The reactions within the pulse were primarily 
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CH3OH+ ® CH2OH+ + H. Only about 20 – 40% of the hydrogen migrations and H2 + 
HCOH+ reaction occurred within the pulse. 
The effect of the laser pulse intensity can also be compared in Table 2.1.  When 
the maximum field strength was reduced from 0.09 au to 0.07 au, the percentage of 
CH2OH+ + H decreased and the number of unreactive trajectories increased.  The 
percentage of trajectories that dissociate within the pulse also decreased.  The cosine 
squared pulse with a maximum field strength of 0.09 au yield results comparable to the 
0.07 au trapezoidal pulse.  When the maximum field strength was reduced to zero and 
CH3OH+ had only the added kinetic energy, CH3OH+ ® CH2OH+ + H was still the 
dominant channel.  The number of unreactive trajectories increased somewhat, but the 
percentages for H loss, H migration and H2 loss were about the same as for the 0.07 au 
pulse. However, there was little OH loss. 
In the experimental time-of-flight mass spectrum of CH3OH ionized by an intense 
60 fs 800 nm laser pulse, the CH2OH+ / CH3O+ peak is almost twice the size of the 
parent peak.2  This is in keeping with the large number of CH3OH+ ® CH2OH+ + H + 
dissociations seen in the trajectory calculations (80% for a maximum field strength of 
0.09 au).  The HCOH+ + H2 dissociations are the next most abundant trajectories (9 – 
13%).  The experimental mass spectrum shows a HCOH+ / CH2O+ peak that is about 
1/10th the size of CH2OH+ / CH3O+.  The HCO+ / COH+ peak is the third largest in the 
experimental spectrum and can come from loss of H3+ or secondary fragmentation of 
CH2OH+ or HCOH+ (calculated barriers of 82 and 33 kcal/mol15).  The trajectory 
calculations show that HCO+ arises from H dissociation followed by H2 loss, and from H2 
loss followed by H dissociation. The amount of HCO+ increases from 0 to 4% as the 
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energy increases from 75 to 125 kcal/mol. Up to 3% of the trajectories produce CH3+ + 
OH, in accord with the small CH3+ peak seen in the spectrum.  The CH3OH+ trajectories 
did not yield any H+, H3+, OH+, CH+ or CH2+.  In the experimental mass spectrum, these 
fragments are probably produced from doubly or triply ionized methanol1-4 or from 
subsequent ionization of neutral fragments from the dissociation of the monocation. 
Analysis of the mass spectrum peak for H2+ ejected from methanol dication 
indicates a kinetic energy release (KER) of 4.3 eV.1  The present calculations are used 
to estimate the maximum KER as the energy difference between the barrier to 
dissociation and the dissociated product, or between vertically ionized CH3OH2+ and the 
products (whichever is larger). The calculated KER for H2+ from triplet methanol dication 
is 4.5 eV. Singlet methanol dication relaxes to H2-HCOH2+ (see Fig. 5) and can readily 
lose H2+, yielding an estimated KER of 4.1 eV.  Coincidence momentum imaging gives 
~5.7 eV for the kinetic energy of CH3+ + OH+ and CH2+ + H2O+ from methanol dication in 
pump-probe experiments.6-8  The estimated KER for these two channels on the triplet 
surface (5.6 eV and 5.2 eV, respectively) is in better agreement with experiment than 
the KER calculated from the singlet surface (4.5 eV and 4.2 eV).   
In the pump-probe studies, both migration and dissociation are seen for methanol 
cation.  The Born-Oppenheimer trajectory calculations on the ground state surface show 
that methanol cation gains less than 15 kcal/mol from a 40 fs trapezoid 800 nm pulse 
with a maximum field strength of 0.09 au (2.9´1014 W/cm2).  This is not enough to 
overcome the barriers for hydrogen migration or fragmentation.  Therefore, a 
considerable amount of energy must be deposited in the cation during the ionization 
process by the pump pulse.  Since the 800 nm pulse is in the optical range, this could 
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lead to electronic excitation of the cation. If nonradiative decay is fast, the electronic 
excitation energy would be converted to vibrational energy in ground state cation which 
then has enough energy to overcome the reaction barriers.  This process is modeled in 
the present, initial study by calculating Born-Oppenheimer trajectories on the ground 
state surface with added vibrational kinetic energy.  Alternatively, isomerization and 
fragmentation may occur on one or more excited states of the cation, or could be the 
result of coupled nuclear-electron dynamics during the pulse.  These scenarios can be 
addressed in future studies. 
Experimental studies comparing the CH2OH2+ and CH3+ + OH channels find that 
the fraction of hydrogen migration g = nmig / (nmig + nOH) changes only a little, from 0.24 
to 0.20, as the laser power is increased from 0.15´1014 to 1.5´1014 W/cm2.8 For the 
trajectory calculations, this ratio decreases from about 0.8 to 0.3 as the added 
vibrational energy is increased from 75 to 125 kcal/mol.  This suggests that more than 
125 kcal/mol of vibrational energy may be deposited in methanol cation by the ionization 
process.  The experimental kinetic energy plots show two distinct regions, above and 
below 3.8 eV.7 (a) For energies above 3.8 eV, g does not depend on the delay time 
between the pump and probe pulses. This is attributed to ionization of CH2OH2+ and 
CH3OH+ near their equilibrium geometry by the probe laser pulse. The trajectory 
calculations show that isomerization to CH2OH2+ does occur sufficiently rapidly on the 
ground state surface of the monocation if enough vibrational energy is added to 
overcome the barrier for the migration; the non-reactive trajectories yield CH3OH+ near 
its equilibrium geometry. (b) Below 3.8 eV the kinetic energy release decreases as a 
function of the delay time between the pump and probe laser pulses. This has been 
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interpreted as the gradual lengthening of the C-O bond in CH2OH2+ and CH3OH+ toward 
dissociation before being ionized by the probe pulse.  With 100 - 125 kcal/mol of added 
vibrational energy, an appreciable amount of C-O dissociation is seen for CH3OH+.  
However, very little C-O dissociation is seen for CH2OH2+.  One possibility is that more 
vibrational kinetic energy must be added in order to obtain enough CH2OH2+ 
dissociation. More likely, the lack of CH2OH2+ ® CH2+ + H2O trajectories on the ground 
state potential energy surface may indicate that the observed decrease in the kinetic 
energy release as a function of delay time seen below 3.8 eV may be due to 
dissociation on excited state surfaces or coupled nuclear-electron dynamics during the 
pump pulse. 
2.4  Summary 
 The potential energy surfaces for the isomerization and fragmentation of CH3OH, 
CH3OH+ and singlet and triplet CH3OH2+ were explored using the B3LYP, CAM-B3LYP, 
CBS-QB3 and CBS-APNO levels of theory.  In agreement with previous studies, 
CH2OH2+ and CH2OH22+ were found to be more stable than CH3OHn+.  Barriers for 
CH3OH+ ® CH2OH2+ isomerization were computed to be within a few kcal/mol of the 
barriers for H and H2 loss.  The calculated potential energies yielded estimates of kinetic 
energy releases for various product channels that were in good accord with 
experimental observations.  Classical trajectory calculations were carried out with the 
CAM-B3LYP/6-31G(d,p) level of theory for methanol monocation on the ground state 
potential energy surface in the presence of the laser field (40 fs, 800nm, 2.9´1014 
W/cm2).  The simulations showed that unactivated CH3OH+ did not gain enough energy 
to dissociate.  When 75 – 125 kcal/mol of vibrational energy was added to the starting 
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structures to simulate extra energy deposited by the ionization, most of the trajectories 
resulted in fragmentation or isomerization.  The dominant product was H + CH2OH+ (79-
81%) with H2 + HCOH+ next most abundant (9-13%).  Isomerization and C-O 
dissociation of CH3OH+ occurred less frequently (1-3% each); C-O dissociation of 
CH2OH2+ occurred in very few trajectories.  Experimental results showed that C-O 
dissociation occurred in a fraction of the CH3OH+ and CH2OH2+ molecules after the 
pulse.  The fact that very few CH2OH2+ ® CH2+ + H2O events were seen in the various 
simulations on the ground state surface (only 3 out of a total of 3200 trajectories) 
suggests that some of the C-O dissociation processes occur on excited state surfaces 
or are due to coupled nuclear-electron dynamics during the pump pulse. 
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Table 2.1 Fragmentation and Isomerization Percentagesa for CH3OH+ 
Max. field 
strength 
Initial 
kinetic 
energy 
kcal/mol 
CH2OH+ 
+H 
HCOH+ 
+ H2 CH2OH2
+ CH3
+
+OH 
HCO+ 
+ H  
+ H2 
No 
reaction g
d 
Reaction 
during 
pulse 
Reaction 
after 
pulse 
0.09 aub 75 80.6 9.1 2.8 0.5 0.0 7.1 0.85 42.8 50.1 
100 78.8 13.1 2.3 2.0 1.3 2.5 0.53 58.4 39.0 
125 81.3 10.7 1.3 2.8 3.8 0.0 0.31 66.8 33.2 
0.07 aub 75 74.4 9.6 3.5 0.5 0.0 11.9 0.88 29.0 59.1 
100 75.6 13.7 3.8 1.5 1.3 4.1 0.71 46.4 49.5 
125 74.1 15.0 1.0 3.3 5.8 0.8 0.24 62.7 36.5 
0.00 au 75 69.7 12.3 4.6 0.5 0.0 12.8 0.90   
100 70.7 17.7 5.6 0.0 1.5 4.5 1.00   
125 71.8 22.1 1.5 1.5 3.1 0.0 0.50   
0.09 auc 125  71.8 16.9 1.0 2.6 7.2 0.5 0.29 58.5 41.0 
 
afor trajectories starting from the neutral structure plus trajectories starting from the cation 
structure. b40 fs trapezoid pulse, 800 nm, 400 fs total integration time. c40 fs cosine squared 
pulse, 800 nm, 400 fs total integration time. dfraction of hydrogen migration g = n(CH2OH2+) 
n(n(CH2OH2+) + n(CH3++OH)). 
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Figure 2.1 Dipole moment of CH3OH+ as a function of field strength for Hartree-Fock 
(dotted, green), MP2 (chain dot, blue), B3LYP (short dash, orange), CAM-B3LYP (long 
dash, red), CCSD(T) (solid, black). 
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Figure 2.2 Potential energies in kcal/mol for CH3OH+ calculated at the CAM-B3LYP/6-
31G(d,p), CBS-QB3 (italics) and CBS-APNO (bold) levels of theory. The CH3OH+ 
minimum is 237.9, 239.0, 251.8, 251.9 kcal/mol above CH3OH at the B3LYP/6-
31G(d,p), CAM-B3LYP/6-31G(d,p), CBS-QB3 and CBS-APNO levels of theory, 
respectively. 
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Figure 2.3 Potential energies in kcal/mol for triplet CH3OH2+ calculated at the CAM-
B3LYP/6-31G(d,p), CBS-QB3 (italics) and CBS-APNO (bold) levels of theory. The triplet 
CH3OH2+ minimum is 696.7, 697.8, 716.5, 717.1 kcal/mol above CH3OH at the 
B3LYP/6-31G(d,p), CAM-B3LYP/6-31G(d,p), CBS-QB3 and CBS-APNO levels of 
theory, respectively. 
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Figure 2.4  Potential energies in kcal/mol for singlet CH3OH2+ calculated at the CAM-
B3LYP/6-31G(d,p), CBS-QB3 (italics) and CBS-APNO (bold) levels of theory.  The 
triplet CH3OH2+ minimum is 696.7, 697.8, 716.5, 717.1 kcal/mol above CH3OH at the 
B3LYP/6-31G(d,p), CAM-B3LYP/6-31G(d,p), CBS-QB3 and CBS-APNO levels of 
theory, respectively. 
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Figure 2.5 Selected structures on the methanol monocation potential energy surface 
(bond lengths in Å). 
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Figure 2.6 Selected structures of methanol dication on the triplet (left) and singlet (right) 
potential energy surfaces (bond lengths in Å). 
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Figure 2.7 Fragmentation and isomerization percentages for CH3OH+ at maximum field 
strengths of 0, 0.07 and 0.09 au with 75, 100 and 125 kcal/mol initial kinetic energy (see 
Table 2.1 for details). 
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CHAPTER 3:  MOLECULAR DYNAMICS OF METHANOL CATION 
(CH3OH+) IN STRONG FIELDS:COMPARISON OF 800 NM AND 7 
MICRON LASER FIELDS 
Reproduced with permission from Chem. Phys. Lett. 2014 610-11, 219-22 
Copyright 2014, Elsevier 
 
3.1  Introduction 
 In recent work, Yamanouchi and co-workers used intense 800 nm laser pulses to 
study the fragmentation of methanol cations.1-8 Through the use of coincidence 
momentum imaging they were able to examine hydrogen ejection processes for the 
dication, CH3OH2+ ® CH3-nOH+ + Hn+ and to determine that hydrogen migration, 
CH3OH2+ ® CH2OH22+, occurred in within the laser pulse.  Pump-probe coincidence 
momentum imaging revealed that ultrafast hydrogen migration also occurred in the 
monocation.7,8 In a recent study, we used ab initio classical trajectory calculations to 
investigate the dynamics of methanol monocation on the ground state potential energy 
surface in the presence of a strong laser field.9  At 800 nm, the classical dynamics 
simulations showed that ground state methanol cation gained very little energy from the 
laser field.  By adding a significant amount of vibrational energy, we were able to model 
the fragmentation and isomerization of methanol cation.  This implied that the 800 nm 
laser pulse deposits its energy by electronic excitation of the cation or by coupled 
nuclear-electron dynamics.  By contrast, in the mid-IR range, we can expect the laser 
field to interact directly with the molecular vibrations on the ground state potential 
energy surface of methanol cation.  In the present study, we examine the interaction of 
methanol cation with intense 7 µm laser pulses and compare the results with the prior 
dynamics study at 800 nm. 
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3.2  Methods 
The molecular dynamics of methanol cation were studied using density functional 
theory on the ground state potential energy surface in the presence of a strong laser 
field.  Electronic structure calculations were carried out at the CAM-B3LYP/6-31G(d,p) 
level of theory with the development version of the Gaussian series of programs.10  
Classical trajectories were integrated with our Hessian-based predictor-corrector 
algorithm.11  In this method the surface is approximated by a distance weighted interpolant 
(DWI) using the first and second derivatives of the energy. The first derivatives of the 
gradient with respect to the electric field are also included in the predictor and the corrector 
steps. The velocity Verlet method with ∆t=0.0025 fs is used to integrate both the 
predictor and corrector steps on the DWI surface.  An overall step size of ∆t = 0.25 fs is 
employed and the Hessian is updated12,13 for 20 steps before being recalculated 
analytically. The 7 µm laser pulse was modeled by a time varying electric field with a 
length of 4 cycles (95 fs) and a trapezoidal envelope (increasing linearly for the first 
cycle and decreasing linearly for the last cycle). The maximum field strengths were 0.05 
au (0.88´1014 W/cm2) and 0.07 au (1.7´1014 W/cm2). The direction of the laser field was 
chosen to be aligned with the C-O bond axis or oriented randomly and the starting 
structures had no rotational energy.  Zero point energy added to the initial structure 
using orthant sampling of the momentum.14  Up to 200 trajectories were calculated for 
each set of starting conditions.  A few trajectories dissociated sequentially into multiple 
fragments; these were classified by the first dissociation event (see Table 3.1 footnote).  
The simulations with the 7 µm laser pulse are compared with previous strong field 
dynamics calculations with 800 nm laser pulses.  As in the case of the 800 nm laser 
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pulse, some of the trajectories integrated with the 7 µm pulse showed an unusually high 
gain in energy.  This problem was traced to an artificial charge oscillation when the C-H 
bond stretched to more than 3 Å within the laser pulse.  Because the electronic 
structure was converged at each step of the trajectory integration rather than being 
propagated, the charge on the hydrogen in the elongated C-H bonds varied from H+ to 
H. to H- as the field changed sign.  These trajectories resulted in a gain of more than 
840 kJ/mol and were discarded as artifacts to the Born-Oppenheimer molecular 
dynamics approach. 
3.3  Results and Discussion 
The energetics for the fragmentation of methanol cation have been studied 
previously at the CBS-APNO, CBS-QB3 and G4 levels of theory and are summarized in 
Figure 3.1.9  There are three low energy channels: loss of hydrogen to produce CH2OH+ 
(72 kJ/mol), loss of H2 to produce HCOH+ (131 kJ/mol barrier) and isomerization to 
CH2OH2+ (102 kJ/mol barrier).  Higher energy channels include dissociation of the C-O 
and O-H bonds in CH3OH+ (276 and 418 kJ/mol, resp.) and dissociation of the C-O 
bond in CH2OH2+ (294 kJ/mol). The CAM-B3LYP/6-31G(d,p) calculations are in good 
agreement with the higher level calculations and, as in the previous study, are chosen 
for the trajectory calculations as a compromise between accuracy and efficiency. 
The infrared spectrum of methanol cation is shown in Figure 3.2, both for 
rotationally averaged CH3OH+ and for the C-O axis aligned with the polarization of the 
laser field.  The frequency distribution of a short, intense pulse of 7 µm is centered 
around 1430 cm-1.  This is close to the C-H bending vibrations, and the intensities are 
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significantly higher in this region for the aligned cation than for the rotationally averaged 
case. 
As the laser field interacts with the molecule, considerable energy is deposited in 
the various vibrational modes.  Figure 3.3 shows the distributions of the amount of 
energy gained by methanol cation from the 4 cycle 7 µm trapezoidal pulses with field 
strengths of 0.05 and 0.07 au (0.88´1014 and 1.7´1014 W/cm2, resp.).  Randomly 
oriented molecules gain an average of 175 and 338 kJ/mol, Figure 3.3 (a).  As 
expected, the average amount of energy gained is proportional to the intensity of the 
laser field (i.e. proportional to the square of the field strength).  When the C-O bond of 
methanol cation is aligned with the field polarization, Figure 3(b), the amount of energy 
gained is nearly doubled, 316 and 504 kJ/mol resp. for fields strengths of 0.05 and 0.07 
au.  This is consistent with the higher vibrational intensities for the aligned molecule.  
When the wavelength is shortened from 7 µm to 800 nm and methanol cation is 
restricted to the adiabatic ground state surface, much less energy is absorbed, Figure 
3.3 (c) and (d).  The averages are 2.3 and 7.8 kJ/mol for randomly oriented CH3OH+ 
and 2.0 and 5.7 kJ/mol for aligned CH3OH+ at field strengths of 0.05 and 0.07 au, 
respectively.  Since the ponderomotive energy of a free ion in an oscillating field is 
proportional to the wavelength squared, one would expect the ratio of the energies to be 
approximately 75.  This is reasonable agreement with the observed ratios of 43-76 for 
randomly oriented methanol cation and 87-154 for aligned. The effect of alignment is 
much greater for the 7 µm pulse because this wavelength is close to resonance with 
some of the vibrational modes whose intensities are significantly enhanced by 
alignment. 
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The results of the trajectory calculations are summarized in Table 3.1.  For a field 
strength of 0.05 au and random orientation of methanol cation, only a third of the 
trajectories dissociated or isomerized within 400 fs; most of these dissociated after the 
pulse.  When the field was increased to 0.07 au, nearly three quarters of the trajectories 
reacted; this also increased the number of trajectories that reacted during the pulse. 
The branching ratios for the reactive trajectories were similar for the two field strengths: 
78-83% dissociated to CH2OH+ + H, 13-17% formed HCOH+ + H2, and 3-4% isomerized 
to CH2OH2+.  Only one CH3+ + OH dissociation event was seen at 0.07au field strength 
out of 162 trajectories.  When the C-O bond is aligned with the field, there were 
significantly fewer non-reactive trajectories for a given field strength, in keeping with the 
fact that the pulse deposited more energy in the oriented molecule. The percentage of H 
dissociations decreased to 65-71% resulting in an increase in the percentage going to 
H2 dissociation (20-29%) and isomerization (4-8%).  Alignment also increased the 
fraction of CH3+ + OH dissociations to 4 out of 160. 
Simulations on the ground state adiabatic surface with 800 nm laser pulses 
gained too little energy to isomerize or dissociate.  However, strong field pulses at 800 
nm probably cause significant excitation of CH3OH+.  If decay to the ground state is 
rapid, this excitation energy would be converted to vibrational energy.  In Chapter 2, we 
modeled this by adding extra vibrational kinetic energy to the starting structures.  With 
313.8 kJ/mol added energy, the branching ratios with randomly oriented 800 nm pulses 
and a field strength of 0.07 au were similar to trajectories with randomly oriented 7 µm 
pulses and 0.07 au field strength.  This is in accord with the fact that CH3OH+ gained an 
average of 338 kJ/mol in the 7 µm pulse. 
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3.4  Summary 
Ab initio classical trajectory calculations were used to study the fragmentation 
and isomerization of methanol cation by short, intense laser pulses.  The dominant 
channels are CH2OH+ + H (65-83%), HCOH+ + H2 (13-29%), CH2OH2+ (3-8%), CH3+ + 
OH (0.5-2.5%)  For a 4 cycle 7 µm pulse, significant differences were seen in amount of 
vibrational energy deposited and the branching ratios when methanol cation was 
oriented randomly or had its C-O bond aligned with the field.  The increased energy 
deposited can be understood in terms of the increased vibrational intensities in the mid-
IR region when the C-O bond of CH3OH+ is aligned with the laser polarization.  
Randomly oriented methanol cation gains an average of 175 and 338 kJ/mol for 4 cycle 
7 µm pulses with intensities of 0.88´1014 W/cm2 and 1.7´1014 W/cm2, resp. but only 2.3 
and 7.8 kJmol from 4 cycle 800 nm pulses with the same intensity.  This is in agreement 
with fact that the ponderomotive energy is proportional to the intensity and the 
wavelength squared of the laser field.  
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Figure 3.1 Relative enthalpies at 0 K in kJ/mol for CH3OH+ calculated at the CAM-
B3LYP/6-31G(d,p), CBS-QB3 (italics) and CBS-APNO (bold) levels of theory. The 
CH3OH+ minimum is 1000, 1054, 1054 kJ/mol above CH3OH at the CAM-B3LYP/6-
31G(d,p), CBS-QB3 and CBS-APNO levels of theory, respectively (reprinted with 
permission from J. Phys. Chem. A 2014, 118, 1769. Copyright 2014 American Chemical 
Society) 
		
53 
 
 
 
 
Figure 3.2 IR spectrum of CH3OH+ (a) rotationally averaged (green), and (b) aligned 
with the field (red). 
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Figure 3.3 Histograms of the distribution of the vibrational energy absorbed by CH3OH+ 
as a function of molecular orientation and laser wavelength at two different field 
strengths (0.05 au in green and 0.07 au in red): (a) random orientation 7 µm, (b) CO 
aligned 7 µm 0.05 au, (c) random orientation 800 nm, and (d) CO aligned 800 nm. 
 
(a)	
(b)	
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Table 3.1 Number of trajectories for 7 µm 0.05 and 0.07 au field strength random and 
aligned, compared with 800 nm 0.07 au random with 313.8 kJ/mol extra energy 
Field 
orientation 
& 
wavelength 
Field 
strength  
CH2OH
+ + H 
HCOH+ 
+ H2 
CH2OH2+ CH3
+  
+ OH+ 
No 
reaction Total 
Reaction 
during 
pulse 
Reaction 
after 
pulse 
Random 
7 µm 
0.05 au 58 9 3  129 199 9 61 
0.07 au 92a 20d 3 1 44 162 37 81 
C-O 
Aligned 
7 µm 
0.05 au 102 29b 12  55 198 9 134 
0.07 au 95 42c 6 4 13 160 34 113 
Random  
800 nm  
(+ 313.8 
kJ/mol) 
0.07 au 111 23 6  22 162 20 120 
a2 trajectories dissociated into CHO+ + H + H2, which have been combined to 
CH2OH+ + H. b2 trajectories CH2O+ + H2; 1 trajectory dissociated to CHO+ + H2 + H 
which has been combined to HCOH+ + H2. c6 CH2O+ + H2; 13 trajectory dissociated 
to CHO+ + H2 + H which has been combined to HCOH+ + H2. d4 trajectories 
dissociated to CHO+ + H2 + H which have been combined to HCOH+ + H2. 
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CHAPTER 4:  MOLECULAR DYNAMICS OF METHYLAMINE, 
METHANOL AND METHYL FLUORIDE CATIONS IN INTENSE 7 
MICRON LASER FIELDS 
Reproduced with permission from J. Phys. Chem. A. 2014 118, 10067-72 
Copyright 2014, American Chemical Society 
 
4.1  Introduction 
 In simulations with Born-Oppenheimer molecular dynamics, we have shown that 
small molecular ions can absorb substantial amounts of energy from intense mid-IR 
laser pulses and undergo rapid reactions before intramolecular vibrational energy 
redistribution occurs.1-2  In the present work, we examine the isomerization and 
fragmentation of CH3NH2+, CH3OH+ and CH3F+ by short intense 7 µm laser pulses.  
This work is motivated by recent studies of methanol cation by Yamanouchi and co-
workers using pump-probe coincidence momentum imaging.3-10 A 40 fs 800 nm pump 
pulse produced the monocation and a probe pulse, delayed by 100 – 800 fs, ionized it 
to the dication.  Coincidence imaging of specific fragmentations of the dication, 
CH3OH2+ ® CH3+ + OH+ and CH2OH22+ ® CH2+ + H2O+, showed that isomerization 
occurred during and shortly after the pulse.9-10   
In prior work, we used ab initio classical trajectory calculations to investigate the 
dynamics of methanol monocation on the ground state potential energy surface in the 
presence of a strong laser field.11-12 Classical dynamics simulations showed that ground 
state methanol cation gained only a few kcal/mol from an 800 nm laser field, suggesting 
that excited states and coupled nuclear-electron dynamics may be important for 
interactions with 800 nm laser pulses.  By contrast, mid-IR laser fields interacted directly 
with the molecular vibrations of CH3OH+, depositing enough energy to cause significant 
amounts of isomerization and dissociation on the ground state surface.12  Our 
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simulations of ClCHO+, CF3Br+ and C6H5I2+ showed that intense mid-IR pulses were 
able to selectively enhance specific reaction channels for aligned molecules.1-2 
Therefore, in the present we focus on mid-IR laser pulses and consider both randomly 
oriented and aligned molecules.  
In the current study, we explore the effect of changes in potential energy surface 
on the reactions driven by the laser field.  Like CH3OH+, the reaction channels for 
CH3NH2+ and CH3F+ include H elimination, H2 loss, CH3X ® CH2XH isomerization and 
C-X dissociation.  Differences in the barriers for these reactions range from 10 kcal/mol 
(H elimination) to over 50 kcal/mol (C-X dissociation).  Born-Oppenheimer molecular 
dynamics have been used to model the isomerization and fragmentation of both 
randomly oriented and aligned CH3X+ in short, intense laser pulses.  As in earlier 
studies,11-12 the simulations used wavelengths of 7 mm and intensities of 0.88´1014 and 
2.9´1014 W/cm2 (field strengths of 0.05 and 0.07 au). 
4.2  Methods 
Electronic structure calculations were carried out with the development version of 
the Gaussian series of programs.13  Field-free reaction energetics were calculated at the 
CAM-B3LYP/6-31G(d,p) and CBS-QB3 levels of theory.14-15  Molecular dynamics 
simulations in intense laser fields were carried out with the CAM-B3LYP/6-31G(d,p) level 
of theory.  The amount of Hartree-Fock exchange in CAM-B3LYP increases from 19% 
at short range to 65% at long range (0.33 range parameter) and should be better than 
B3LYP at describing the distortion of the density by the strong laser field.  The 
interaction of the molecule with the laser field was calculated in the semi-classical dipole 
approximation. 
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were µ  is the dipole operator, ( )E t  is the electric field component of the laser and ( )s t  
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The 7 µm pulses had maximum field strengths, maxE  of 0.05 and 0.07 au (intensities of 
0.88 and 1.7´1014 W/cm2, resp.).  The direction of the laser field was chosen to be 
oriented randomly or aligned with the C-X bond axis.   
Classical trajectories were integrated using our Hessian-based predictor-corrector 
algorithm.16 This method approximates the surface by a distance-weighted interpolant 
(DWI) using the first and second derivatives of the energy. The first derivative of the 
gradient with respect to the electric field is also included in the predictor and the corrector 
steps. The velocity Verlet method with ∆t=0.0025 fs is used to integrate both the 
predictor and corrector steps on the DWI surface.  An overall step size of ∆t = 0.25 fs is 
employed and the Hessian is updated17-18 for 20 steps before being recalculated 
analytically. The starting structures had no rotational energy and zero point vibrational 
energy was added to the initial structures using orthant sampling of the momentum.19 
Approximately 100 - 200 trajectories were calculated for each set of starting conditions.  
The results of the trajectory calculations are listed in Table 4.2. A few trajectories 
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dissociated sequentially into multiple fragments; these were classified by the first 
dissociation event (see Table 4.1 footnote).  Some of the trajectories showed an 
unusually high gain in energy.  This problem was traced to large charge oscillations 
when some bonds were stretched to more than 3 Å within the laser pulse.  Because the 
electronic structure was converged at each step of the trajectory integration rather than 
propagated, the charge on the fragments in some elongated bonds varied from plus to 
minus as the field changed the sign.  These trajectories were discarded as artifacts of 
the Born-Oppenheimer molecular dynamics approach. 
4.3  Results and Discussion 
4.3.1  Energetics 
The energetics for the fragmentation and isomerization of CH3NH2+, CH3OH+ and 
CH3F+ were calculated at the CAM-B3LYP/6-31G(d,p) and CBS-QB3 levels of theory, 
and are shown in Figure 4.1. As in our earlier study of methanol cation,11 the DFT 
results agree relatively well with the more accurate calculations. The geometries and 
more detailed potential energy diagrams can be found in the Supporting Information.  In 
all cases, the lowest energy channel corresponds to C-H bond cleavage and the CH2X+ 
product has C-X double bond character (C-N = 1.275, C-O = 1.246 and C-F = 1.233 Å 
at CBS-QB3 level of theory). The C-H bond dissociation energies for CH3OH+ and 
CH3F+ are ~9 kcal/mol smaller than for CH3NH2+ at CBS-QB3 level of theory. A similar 
trend of closely spaced energies for CH3OH+ and CH3F+ and higher energies for 
CH3NH2+ is observed for the H2 elimination reaction and the barrier for 1,2 hydrogen 
shift isomerization. The isomerization reaction is nearly thermoneutral for CH2NH3+ and 
CH2FH+, but slightly exothermic for CH2OH2+. The cleavage of the C-X bond can occur 
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before or after isomerization. In both cases, the trend in the dissociation energies is 
CH3NH2+ > CH3OH+ > CH3F+, which is opposite the ordering for the neutrals (83 
kcal/mol for CH3NH2, 91 kcal/mol for CH3OH, 110 kcal/mol CH3F at CBS-QB3). This can 
be understood in terms of orbital interactions.  The C-X bonds in the cations dissociate 
heterolytically, CH3X+ ® CH3+ + X and CH2XH+ ® CH2+ + XH.  The C-X bond in the 
cation is formed by interaction of an X lone pair with an empty carbon p orbital.  The 
lone pair on F is lower in energy than O and interacts more weakly with the empty p on 
C, resulting in a C-F bond that is weaker than C-O. Similarly the higher energy N lone 
pair interacts more strongly with the carbon p orbital and forms a C-N bond that is 
stronger than the C-O bond.   
4.3.2  Dynamics 
To simulate the isomerization and fragmentation of CH3X+ by intense 4 cycle 7 
µm laser pulses, classical trajectories were calculated on ground state potential energy 
surface of the cation using the CAM-B3LYP/6-31G(d,p) level of theory. Simulations 
were carried out with trapezoidal shaped laser pulses to maximize the interaction with 
the laser.  For each field strength, approximately 200 trajectories were calculated for 
each molecule with the trapezoid pulse. Additional sets of 100 trajectories were 
computed with cosine squared pulses and a field strength 0.07 au.  Calculations were 
carried out for molecules oriented randomly in the laser field and for molecules with the 
C-X bond aligned with the laser polarization.  Based on work with ClCHO+, CF3Br+ and 
C6H5I2+,1-2 alignment of the C-X bond with the laser field should enhance C-X 
fragmentation and 1,2 hydrogen migration. 
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The average amounts of energy gained from the laser pulse are listed in Table 
4.2.  A cosine squared pulse with a field strength of 0.07 au deposited approximately 
the same amount of energy as a trapezoid pulse with a field strength of 0.5 au.  This is 
in accord with the fact that the integrated intensities of these two pulses are nearly 
equal.  For each molecule, the percentage of reactive trajectories correlates very well 
with the average amount of energy deposited, as shown in Figure 4.2.  In comparing the 
molecules, it is evident that CH3NH2+ requires a larger amount of energy than CH3OH+ 
for the same degree of dissociation.  This is in keeping with the larger barriers for 
CH3NH2+.  Correspondingly, less energy is needed for CH3F+ since it has lower barriers 
than CH3OH+. 
The distributions of energy gained by CH3X+ (X = NH2, OH and F) from the 
trapezoidal laser pulse are shown in Figure 4.3. The spread in the energies is over 100 
kcal/mol with somewhat longer tails toward higher energies.  CH3NH2+ gained the most 
energy from the pulse and CH3F+ gained the least. Increasing the field strength from 
0.05 to 0.07 au doubles the intensity (from 0.88 to 1.7´1014 W/cm2) and nearly doubles 
the amount of energy deposited.   
Molecules with the C-X axis aligned with the laser polarization gained nearly 
twice as much the energy from the laser pulse as molecules oriented randomly. This 
can be understood in terms of the vibrational spectra.  The difference in intensity of the 
IR spectra of aligned and rotationally averaged CH3X+ are shown in Figure 4.4 
(individual spectra are shown in Figure 4.5). When the C-X axis is aligned with the laser 
polarization, the intensities in the 1000 to 2000 cm-1 range are significantly larger for the 
aligned molecules than for the randomly oriented molecules. The vibrations in this 
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region are primarily C-H bending modes.  The distribution of frequencies of a 4 cycle 7 
µm trapezoidal pulse is centered around 1430 cm-1 with a FWHM of ~600 cm-1.  This 
covers the region where the aligned molecules absorb more strongly than randomly 
oriented. 
The results of trajectory calculations are summarized in Table 4.1. As expected 
from the higher barriers seen in Figure 4.1, the fraction of trajectories undergoing 
fragmentation and isomerization reactions for a given pulse shape and intensity is 
smallest for CH3NH2+. Most of the isomerizations and fragmentations occur after the 
pulse, but the fraction occurring within the pulse grows with increasing energy (reaching 
20 - 25% for CH3F+ with a field strength of 0.07 au, see Table S1).  Alignment of the C-
X bond with the laser polarization increases the fraction of reactive trajectories as a 
consequence of the greater amount of energy gained from the pulse. 
The branching ratio of various products as percentages for the reactive 
trajectories are listed in Table 4.2 and summarized graphically in Figure 4.6.  Of the 
three low energy channels, CH3X+ ® CH2X+ + H is dominant in all cases, followed by H2 
elimination. Isomerization to CH2XH+ is generally the next largest percentage.  Although 
the 0.05 trapezoid pulse and the 0.07 au cosine squared pulse deposit similar amounts 
of energy, the latter produces less isomerization and CH3+ + X dissociation. Compared 
to randomly oriented molecules, cations with the C-X bond aligned with the laser field 
have somewhat lower branching ratios for H dissociation and larger branching ratios for 
the other channels.  Although the number of trajectories is small, alignment results in a 
factor of 3 increase in CH3+ + X dissociation for several cases. For isomerization of 
CH3OH+ to CH2OH2+, the increase is nearly a factor of two. 
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For CH3NH2+, little or no C-N bond breaking is seen, in keeping with the high 
dissociation energy.  Only when the molecule is aligned with the field is a small amount 
of CH3+ + NH2 obtained. Isomerization and H2 elimination are roughly comparable in 
magnitude. Even though the latter has a higher barrier, it is a looser transition state.  
The large percentage of H2 elimination for aligned CH3NH2+ with 7 µm and 0.07 field 
strength can be attributed to the large amount of energy gained from the pulse (212 
kcal/mol). 
The results for CH3OH+ in 800 nm and 7 µm laser field have been reported 
previously. 11-12 Compared to CH3NH2+, CH3OH+ in a 7 µm laser field produces 
significantly more H2 elimination than isomerization.  This is in accord with the smaller 
difference in the two barrier heights in CH3OH+ compared to CH3NH2+.  Alignment of the 
C-O bond with the laser field enhances the HCOH+ + H2 and CH2OH2+ channels when 
compared to random orientation with the same laser parameters. 
Of the three molecules, CH3F+ shows the most C-X dissociation, as expected 
from the fact that it has the lowest C-X bond dissociation energies.  Only CH3F+ shows a 
significant amount of C-X dissociation after isomerization, and this is highest when the 
C-F bond is aligned with the field.  However, alignment has little effect on isomerization. 
4.3.3  Summary 
Energetics of the methylamine, methanol and methyl fluoride cations were 
studied at CAM-B3LYP/6-31G(d,p) and CBS-QB3 level of theory. For all three 
molecules studied, isomerization, H elimination and H2 elimination were found to be low 
energy reaction pathways.  The isomerization reaction was nearly thermoneutral for 
CH2NH3+ and CH2FH+, but slightly exothermic for CH2OH2+. Ab-initio classical trajectory 
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calculations were carried out with the CAM-B3LYP/6-31G(d,p) level of theory on ground 
state potential energy surface in presence of 4 cycle, 95 fs 7 µm laser pulse with 
maximum field strengths of 0.05 and 0.07 au. (equivalently, intensities of 0.88 and 
1.7´1014 W/cm2). The amount of energy absorbed was nearly doubled when the laser 
field was aligned along C-X axis and also when the field strength was increased from 
0.05 to 0.07 au.  The most abundant reaction path was CH2X+ + H (63%-100%), with 
HCX+ + H2 (4-33%) second most abundant. Out of the all trajectories studied, 
dissociation after isomerization is observed only in CH3F+ (1-6%).  Alignment of the C-X 
bond with the laser field increased the amount of CH3+ + X dissociation for all three 
molecules.  Alignment also increased the branching ratio for isomerization in CH3OH+ 
and H2 elimination in CH3NH2+ and CH3OH+. 
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Figure 4.1 Comparison of the low energy fragmentation and isomerization channels (in 
kcal/mol) for for CH3NH2+ (blue), CH3OH+ (red) and CH3F+ (calculated at the CBS-QB3 
(bold) and CAM-B3LYP/6-31G(d,p) levels of theory. 
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Figure 4.2 Percentage of reactive trajectories as a function of energy gained (in 
kcal/mol) (a) CH3NH2+ (b) CH3OH+ and (c) CH3F+. 
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Figure 4.3 Histograms of the distribution of vibrational energy absorbed CH3X+ (X = NH2 
(blue), OH (red) and F (green)) from 95 fs 7 µm trapezoidal laser pulse as a function of 
molecular orientation and maximum field strength: (a) random orientation, 0.05 au field, 
(b) C-X aligned, 0.05 au field, (c) random orientation, 0.07 au field, (d) C-X aligned 0.07 
au, field. 
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Figure 4.4 Difference in IR intensities (aligned - random) for CH3NH2+ (blue), CH3OH+ 
(red) and CH3F+ (green). 
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Figure 4.5 Infra-red (IR) intensities for CH3NH2+ (blue), CH3OH+ (red) and CH3F+ (green) 
(a) rotationally averaged and (b) with the C-X bond aligned with the laser polarization.  
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Figure 4.6 Branching ratios for CH3NH2+ (blue), CH3OH+ (red) and CH3F+ (green) for 
cosine squared (C) and trapezoid (T) pulse shapes with field strengths of 0.5 and 0.7 au 
and randomly oriented (R) or aligned (A) with the C-X bond. 
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Table 4.1 Branching of the Reactive Trajectories for CH3X+ (X= NH2, OH and F) 
species 
wavelength 
& field 
orientation 
field 
strength 
(au) 
initial KE 
(kcal/mol) 
CH2X+ 
+ H 
CH3+ 
+ X 
CH2
XH+ 
CH2+ 
+ HX 
HCX+ 
+ H2 Total 
CH3NH2+ 
800 nm & 
random 
0.09 
75 18 0 1 0 0 19 
100 39 0 7 0 4 50 
125 46 0 4 0 8 58 
0.07 75 19 0 0 0 0 19 
7 µm & 
random 
0.05 0.00 26 0 1 0 1 28 
0.07 0.00 93 1 2 0 6c 102 
7 µm & 
aligned 
0.05 0.00 100 2 7 0 9 118 
0.07 0.00 97a 5 1 0 51d 154 
CH3OH+ 
800 nm & 
random 
0.09 
75 93 0 7 0 12 112 
100 74 4 5 0 19 102 
125 57 5 1 0 19 82 
0.07 75 111 0 6 0 23 140 
7 µm & 
random 
0.05 0.00 58 0 3 0 9 70 
0.07 0.00 92b 1 3 0 20e 116 
7 µm & 
aligned 
0.05 0.00 102 0 12 0 29f 143 
0.07 0.00 95 4 6 0 42g 147 
CH3F+ 
800 nm & 
random 
0.09 
75.00 21 0 3 1 24 49 
100.00 16 4 4 1 18 43 
125.00 13 0 0 7 11 31 
0.07 75.00 68 0 6 2 51 127 
7 µm & 
random 
0.05 0.00 50 1 5 0 10 66 
0.07 0.00 90 2 3 3 15 113 
7 µm & 
aligned 
0.05 0.00 100 6 10 1 21 138 
0.07 0.00 111 11 4 10 29 165 
 
Trajectories with sequential dissociations have been classified according to the first 
dissociation event. a10 trajectories dissociated into HCNH+ + H + H2, which have been 
combined to H elimination, b2 trajectories dissociated into CHO+ + H + H2 which have 
been combined to H elimination, c4 trajectories dissociated into HCNH+ + H2 + H, which 
have been combined to H2 elimination. d35 trajectories dissociated into HCNH+ + H2 + 
H, which have been combined to H2 elimination. e13 trajectories dissociated into CHO+ 
+ H2 + H which have been combined to H2 elimination. f4 trajectories dissociated into 
CHO+ + H2 + H which have been combined to H2 elimination. g1 trajectory dissociated 
into CHO+ + H2 + H which has been combined 
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Table 4.2  Branching Ratios for the Reactive Trajectories in Percentages for CH3X+ (X= 
NH2, OH and F) 
species Orient- ation 
field 
strength  
& 
pulse 
shape 
average 
energy 
absorbed 
(kcal/mol) 
fraction of 
trajectories 
reacting 
CH2X+ 
+ H 
CH3+ 
+ X CH2XH
+ CH2
+ 
+ HX 
HCX+ 
+ H2 
CH3NH2+ 
rando
m 
0.07 au, 
cosine sq 56.7 
0.11 100.0 0.0 0.0 0.0 0.0 
0.05 au, 
trapezoid 54.1 
0.14 92.9 0.0 3.6 0.0 3.6 
0.07 au, 
trapezoid 112.4 
0.56 91.2 1.0 2.0 0.0 5.9a 
aligned 
0.05 au, 
trapezoid 112.0 
0.59 84.8 1.7 5.9 0.0 7.6 
0.07 au, 
trapezoid 212.3 
0.96 63.0 3.2 0.6 0.0 33.1b 
CH3OH+ 
rando
m 
0.07 au, 
cosine sq 34.5 
0.40 76.9 0.0 0.0 0.0 23.1 
0.05 au, 
trapezoid 41.8 
0.35 82.9 0.0 4.3 0.0 12.9 
0.07 au, 
trapezoid 80.7 
0.73 79.7 0.8 2.5 0.0 16.9c 
aligned 
0.05 au, 
trapezoid 75.5 
0.72 71.3 0.0 8.4 0.0 20.3 
0.07 au, 
trapezoid 120.5 
0.92 64.6 2.7 4.1 0.0 28.6d 
CH3F+ 
rando
m 
0.07 au, 
cosine sq 36.3 
0.40 82.9 0.0 4.9 4.9 7.3 
0.05 au, 
trapezoid 33.3 
0.34 75.8 1.5 7.6 0.0 15.2 
0.07 au, 
trapezoid 69.4 
0.78 79.6 1.8 2.6 2.6 13.3 
aligned 
0.05 au, 
trapezoid 58.0 
0.69 72.5 4.4 7.2 0.7 15.2 
0.07 au, 
trapezoid 105.0 
0.97 67.3 6.7 2.4 6.1 17.6 
 
a33.3% of those are CH2NH+ + H2, b31.4% of those are CH2NH+ + H2, c30% of these are 
CH2O+ + H2, d4.8% of those are CH2O+ + H2 
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CHAPTER 5:  CALCULATIONS OF pKa’S AND REDOX POTENTIALS 
OF NUCLEOBASES WITH EXPLICIT WATERS AND POLARIZABLE 
CONTINUUM SOLVATION 
Reproduced with permission from J. Phys. Chem. A. 2015, 119, 5134-44 
Copyright 2015, American Chemical Society 
 
5.1  Introduction 
Oxidative damage to DNA may result from exposure to reactive species resulting 
from cellular metabolism, ionizing radiation or a variety of chemical oxidants.1-8 
Experimentally, the distribution of oxidation products depends on pH and the type of 
oxidizing agent, as well as the nature of the nucleobase and its environment (free base, 
nucleoside, single or double strand DNA).5, 9-13 Obtaining the reduction potential of 
individual nucleosides as a function of pH is important for understanding the mechanism 
of oxidative damage of DNA. Determination of the redox potentials in the physiologically 
relevant range requires the pKa’s of the parent and oxidized forms. Progress in the 
calculation of pKa’s using continuum solvation models has been reviewed recently.14-16 
The status of computational electrochemistry is discussed in detail in a recent 
perspective.17 In the present Chapter, we examine the effect of including a few explicit 
water molecules in the calculations of pKa’s and redox potentials of nucleobases with a 
polarizable continuum solvation model. 
Numerous experimental and theoretical studies have examined the pKa’s and 
redox potentials of nucleobases in aqueous solution (for leading, see refs. 9, 18-45). 
Reliable experimental pKa’s are available for the bases and some of their oxidized 
products.9, 18, 19, 23, 24, 29, 30, 44 Several theoretical studies have computed pKa’s of 
nucleobases directly without resorting to linear regressions. Goddard et al.33, 34 and 
coworkers calculated ensemble averaged pKa’s of guanine using a Poisson-Boltzmann 
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continuum solvation model.  Baik et al. calculated tautomer specific pKa's for oxidized 
nucleobases at PW91 level of theory with COSMO solvation model.32 Verdolino et al.39 
and Psciuk et al. 44, 45 calculated ensemble averaged pKa’s for nucleobases and their 
oxidized forms using CBS-QB3 and B3LYP levels of theory and SMD continuum 
solvation. Sevilla and co-workers have examined acid-base properties of guanine and 
adenine radical cations using DFT calculations and IEF-PCM solvation.36, 40 Close43 
calculated the pKa’s of DNA bases and radical ions using the same protocol developed 
by Verdolino et al.39  
Guanine has long been recognized as the most easily oxidizable nucleobases.  
However, experimental measurements of redox potentials of nucleobases in aqueous 
solution are difficult because of problems with solubility and irreversibility.  Of the 
numerous studies available for guanine, the most widely quoted value for the reduction 
potential at physiological pH comes from kinetic rate measurement by Steenken and 
Jovanovic.22 They obtained 1.29 V for the half-cell potential vs SHE for guanosine at pH 
7. Fukuzumi et al. reported E7 = 1.31 V for guanine monophosphate (GMP) from the 
kinetics of thermal and photoinduced electron transfer.26 Using cyclic voltametry, 
Faraggi et al. obtained E7 = 1.25 V for GMP.21 Anderson and coworkers used pulsed 
radiolysis to obtain 1.22 V for guanine in the GC base pair in DNA.31 A study by 
Langmair et al. obtained the redox potential of 1.16 V and 1.18 V for guanosine and 2’-
deoxyguanosine respectively from equilibria with Ru(byp)(() *)  .28 Additional 
experimental studies by Langmaier et al.28, Xie et al.37 and Faraggi et al.21 reported that 
E7 for guanine was lower than guanosine by 0.13, 0.21 and 0.25 V, respectively. Due to 
higher redox potentials, other nucleobases are less likely to be oxidized under 
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physiological pH and less likely to be involved in DNA oxidation. Consequently, their 
redox potentials have been studied less extensively.20, 22, 26, 32, 44 
Several theoretical studies have examined the redox potential of DNA and RNA 
bases.32, 35, 38, 41, 42, 44 Baik et al.32 calculated the standard redox potentials (Eº) of 
unsubstituted DNA nucleobases using PW91 level of theory and COSMO solvation 
model. Crespo-Hernendez et al.35, 38 estimated the redox potentials of various 
unsubstituted nucleobases using a linear correlation between E° and gas phase 
ionization and electron affinities calculatated by DFT and PMP2. Li et al.41 calculated E7 
for unsubstituted nucleobases and their metabolites in aqueous solution using the 
B3LYP level of theory with the COSMO-RS solvation model.  Paukku and Hill42 obtained 
the standard redox potentials of DNA bases using M06-2X/6-311++G(d,p) level of 
theory with the PCM solvation model. Psciuk at el.44, 45 calculated ensemble averaged 
redox potentials for N-methyl substituted nucleobases and the intermediates for guanine 
oxidation using the SMD solvation model with the B3LYP and CBS-QB3 levels of 
theory. 
 The use of continuum solvation models in the calculation of pKa’s has recently 
been reviewed.14-16 Various thermodynamic cycles can be used to calculate pKa’s 
directly without resorting to linear fits.  If suitable reference species are available, proton 
exchange or isodesmic reactions can provide more reliable calculations of pKa’s.  In 
general, it is thought that including a few explicit water molecules should improve the 
calculation of solvation energies, especially for cations and anions, which can have 
strong hydrogen bonding interactions with the solvent water molecules.  This has led to 
implicit-explicit and cluster-continuum models.  Some of the earlier work is discussed in 
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a review by Cramer and Truhlar.46 Pliego and Riveros47, 48 determined that including 2 
to 4 waters significantly improved the solvation energies of ions and predicted pKa’s.  
Adams49 found that even 1 or 2 waters improved the linear fit of the calculated pKa’s.  In 
developing the SMx and SMD implicit solvation models,50, 51 Cramer, Truhlar and co-
workers included a single explicit water for a subset of the ions with strong solute-
solvent interactions.  In applying the SM6 implicit solvent model to pKa calculations, 
these authors also found that an explicit water molecule significantly improved the 
agreement with experiment51, 52 (for dicarboxylic acids up to 4 waters were needed53).  
Ho and Coote14 have investigated the effect of using 1 – 3 water molecules in cluster-
continuum calculations of the pKa’s for a set of 55 acids and found significantly different 
behavior for different solvent models. Adding an explicit water not just to the ions but 
also to the neutral species was shown to be beneficial for calculating the pKa’s of 
carboxylic acids.54 Svendsen, da Silva and co-workers used 5 explicit waters with 
various implicit solvation models.55, 56 Sevilla and coworkers found that 7 explicit water 
molecules were needed to stabilize the experimentally observed tautomer of guanine 
radical.36 In calculations with such water clusters, care must be taken to properly 
account for the correct standard state of the water molecules.57, 58 Explicit water 
molecules beyond the first solvation shell are not bound as strongly and extensive 
sampling is needed to calculate the free energy.  Example of molecular dynamics 
studies of pKa’s includes some recent QM/MM and Car-Parrinello calculations.54, 59, 60 
Since 100’s of water molecules and 100 – 200 ps simulations are typically needed, such 
calculations are beyond the scope of the present study. 
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In our previous studies44, 45 we computed the pKa’s and redox potentials for 
nucleobases and guanine oxidation products using B3LYP and CBS-QB3 calculations 
and the SMD polarizable continuum solvation model. We carefully calibrated the solvent 
cavity scaling parameter to account for the neglect of specific hydrogen bonding and 
other systematic errors. The pH specific redox potentials were calculated using 
standard redox potential (Eo) and ensemble-averaged pKa’s for low energy tautomers. 
The objective of present work is to explore the effect of a few explicit waters on the 
pKa’s and reduction potentials of methylated DNA and RNA bases. We are looking for a 
practical protocol that extends the implicit solvation model and can be applied to the 
electrochemical properties of biological reaction intermediates. In the present work, we 
have calculated the tautomer-specific pKa’s and redox potentials at pH 0 (Eo) and pH 7 
(E7) for 9-methylguanine, 9-methyladenine, 1-methylcytosine, 1-methylthymine and 1-
methyluracil.  The calculations are carried out with the B3LYP/6-31+G(d,p) level of 
theory and include one and four explicit water molecules in addition to the SMD 
solvation model. Numerous tautomers are possible in aqueous medium, and the most 
stable forms have been considered for each of the degrees of protonation. 
5.2  Computational Methods 
Electronic structure calculations were performed with the development version of 
the Gaussian series of programs.61 The structures were optimized in solution using the 
SMD51 implicit solvation model and the B3LYP62, 63 density functional with the 6-
31+G(d,p) basis set.64-66 Vibrational frequencies were calculated to confirm that the 
geometries correspond to local minima on the potential energy surface, and to obtain 
zero point and thermal contributions to the energy.  Our previous study showed that 
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pKa’s calculated with this level of theory agreed well with higher-level CBS-QB367, 68 
calculations. The labeling of atoms is shown in Scheme 1. 
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Scheme 5.1 Atomic numbering for purine and pyrimidine nucleobases (actual bond 
type, charge, multiplicity and hydrogen atoms are not shown)  
 
Solvation free energies were calculated with the SMD implicit solvation method.51 
SMD has a mean unsigned error of ~1 kcal/mol for neutral molecules and ~4 kcal/mol 
for charged species.51 To improve the calculation of solvation effects and to take into 
account changes in specific hydrogen bonding that could be important for pKa 
calculations, we included 1 and 4 strategically placed water molecules. Because some 
structures optimized in solution were found to have significantly different geometries 
than in the gas phase, only solution optimized structures were used. For each 
nucleobase, several arrangements of explicit water molecules were considered and a 
number of orientations were optimized for each arrangement.  The final structures were 
selected on the basis of relative energy and interaction with the site of protonation / 
deprotonation. 
Methods for calculating pKa’s have been reviewed by Ho and Coote.14, 16 For an 
acid deprotonation reaction, 
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 AH($%) = A($%)- + 	H($%)+ 	 (1) 
the pKa, defined as negative logarithm of the dissociation constant, is given by 
 pK# = 	∆G()*+,-(#/)2.303RT 	 (2) 
where, ∆G#$%&'((*+)		 is the Gibbs energy of deprotonation in aqueous solution, R is the 
gas constant and T is the temperature.  The Gibbs free energy of deprotonation can be 
obtained by  
 ∆G#$%&'((*+) = G(*+),/- + 	G(*+),34-G(*+),/3 	 (3) 
The aqueous phase Gibbs free energy of a proton, G"#,%& 		, is given by, 
 G(#$),'( = G(*),'(+ +	∆G/012	→/4 +	∆G(#$),'(* 	 (4) G(#),&'( 			is the gas phase free energy of a proton,	∆G$%&'	→$) 		 = 1.89 kcal/mol accounts for 
the change in standard state from 1 atm to 1 M, and ∆G($%),()* 		 is solvation free energy 
for proton. Superscripts o and * denote the gas phase (1 atm) and solution phase (1 
mol/L) standard states, respectively.69 The aqueous solvation free energy of a proton ∆G #$ ,&'* = −265.9	kcal/mol		 is taken from literature.17, 70-72 Gas phase standard free 
energy of proton is G(#),&'( = −6.287	kcal/mol		 at 298 K, derived from G(#)% = H(#),)*% -	T. S(#)% 		 with H(#),&'( 		 = 5/2RT = 1.48 kcal/mol and S(#)% 		 = 26.05 cal/mol.K.  
Methods for computational electrochemistry have been reviewed recently by 
Marenich, Ho, Coote, Cramer and Truhlar.17  For the reduction of a cation 
 A(#$)&' +	ne(#$)- ∆./01(23)* 	A(#$)	 (5) 
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the standard reduction potential is given by 
 E"#$(&')) = -∆G"#$(&')*nF -SHE	 (6) 
where ∆G#$%('()* 		 is the standard Gibbs free energy change in solution, n is the number of 
electrons in redox process, F is Faraday’s constant (23.06 kcal/mol V) and SHE is the 
absolute potential of standard hydrogen electrode (4.281 V, obtained from the free 
energy of aqueous H+),17, 70-72  since the nucleobase redox reactions in the present 
study are all one electron processes, n=1.  
The free energy of reduction of cation in solution is  
 ∆G#$% &'* = G &' ,+* -G+-.(&')* -G$-(1)* 	 (7) 
where G"-	(&)* 		 = -0.867 kcal/mol is the free energy of the electron at 298 K and is 
obtained using H"#(%)' 		 = 0.752 kcal/mol and S(#)% 		 = 5.434 cal/mol.K based on Fermi-Dirac 
statistics.73, 74 
Our previous study44 has shown that the N-methylated nucleobases (N9 for 
pyrimidine and N1 for purine shown in Scheme 5.1) could be used to compute reliable 
pKa values and relative reduction potentials. Even though the influence of sugar moiety 
on the nucleobase redox potential is still uncertain, it should be small because the 
valence molecular orbitals involved on redox process are localized on nucleobases. 
Since the deprotonation of hydroxyl groups of sugar moiety is very unlikely at 
physiological pH, N-methylated nucleobases should also be good models for 
nucleosides. 
The reduction potential at specific pH can be obtained by using the Nernst half-
cell equation  
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 E"/$ = E&- RTF ln RedOx 	 (8) 
where Eo is the standard reduction potential at pH 0. For the reduction potential at a 
particular pH, the equilibrium concentration of the relevant protonation states must be 
obtained by using acid dissociation constant (Ka). Assuming low ionic strength of the 
solute, an example of a pH-dependent potential for a redox system is given by22 
 E"# = E% A•, H* AH +	RTF ln K34%K345 	+ 	RTF ln K345K365K375 +	K345K365	10-"# +	K345	10-6"# +	10-7"#K34%K36% 	+	K34%	10-"# +	10-6"# 	  
 
(9) 
AH represents reduced neutral form and A•		 is the oxidized radical that has one less 
proton than reduced neutral. Subscripts “o” and “r” correspond to “oxidized” and 
“reduced” form of the redox pair respectively. The number on subscript represents the 
dissociation constant number. For a nucleobase redox pair in aqueous solution of pH 
near 7, a reduction is immediately followed by a proton transfer because neutral states 
of reduced and oxidized nucleobases tend to dominate at that pH.  
To summarize, the basic steps that we have used to calculate the pKa’s and redox 
potentials are: 
1. The geometry of each tautomer is optimized in aqueous solution using the SMD 
solvation model and the B3LYP/6-31+G(d,p) level of theory with the desired 
explicit water molecules at the appropriate site. The default cavity scaling value 
(a = 1.00) is used for solvent cavity.  
2. The change in free energy is obtained by taking the difference between the 
protonated and deprotonated species in the solution as shown in Figure 5.1-7. 
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pKa’s were calculated using equations 2-4 and redox potential using equations 6, 
7 and 9.  
5.3  Results and Discussion 
Our previous study44 has shown that the pKa’s and reduction potential of 
nucleobases can be modeled quite well by using the SMD model and solvent cavity 
scaling. Because our aim is to explore the effect of hydrogen bonding on the pKa’s and 
reduction potentials of nucleobases, cavity scaling is not included in this study. 
Calculations were carried out with the SMD implicit solvation model plus 0, 1 and 4 
explicit water molecules.  
The structures used for calculating pKa1 and pKa2 of 9-methyl guanine with one 
explicit water molecule are shown in Figure 5.2. The structures for the other 
nucleobases and their oxidized forms can be found in the supporting information of the 
original text. For each hydrogen-bonding site, several orientations of the added water 
were considered and only the lowest energy structure was retained. For optimal 
cancelation of errors in the pKa calculations, the water molecule was hydrogen bonded 
to the same site in the molecule and its deprotonated form. The most significant effect 
can be expected when the water is at the site of protonation/deprotonation. In this case, 
the donor/acceptor orientation of water changes during the process (Figure 5.2). 
Geometries optimized with an explicit water molecule at other sites were found to have 
slightly higher energy than those with the water at the protonation / deprotonation sites. 
pKa’s were calculated for each of these arrangements. Since the geometries with water 
at the protonation / deprotonation sites were found to more stable, only the pKa’s for 
those geometries are listed in Table 5.1. Note that protonation and deprotonation 
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necessarily involves a different position for the water when only one explicit water is 
included. 
The calculation with one water molecule suggested that the water at hydrogen 
bonding site other than the protonation / deprotonation site can contribute significantly 
to the pKa values. To cover the most important interactive sites, a second series of 
calculations was carried out. This included four explicit water molecules with four water-
nucleobase hydrogen bonds and one or two water-water hydrogen bonds in addition to 
the SMD solvation. This allowed us to maintain the same explicit water-nucleobase 
environment for protonation, deprotonation and oxidation. The lowest energy structures 
are shown in Figure 5.3-7. 
The pKa’s with 0, 1 and 4 explicit water molecules calculated at B3LYP/6-
31+G(d,p) level of theory are listed in Table 5.2. These values are compared with the 
experimental values for methyl-substituted and sugar substituted nucleobases.23, 27 
Placement of one water near the protonation/deprotonation site improved the pKa’s over 
calculations without an explicit water molecule. The effect is moderate for the pKa1’s 
which involve neutrals and cations. However, the effect is much larger for the pKa2’s 
which involve anions; these are shifted  ~2 units closer to the experimental values. The 
influence of an explicit water on pKa was also studied for a water hydrogen bonded to 
sites not involved in protonation / deprotonation. The effect was moderate for the cation-
neutral equilibria and but was more important for neutral-anion equilibria. Since the 
SMD solvation model has some difficulties in accounting for the solvation of anions, 
even a single water molecule can improve the pKa calculations, and the effect is largest 
when the water is hydrogen bonded to the site of deprotonation. 
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As expected from the comparison of calculations with no water and one water, 
addition of more water molecules further improved the calculated pKa’s. For the cation-
neutral equilibria, the effect of 4 explicit water molecules is still small but the values are 
in quite good agreement with experiment with a mean absolute error (MAE) of 0.27 for 
pKa1. For neutral-anion equilibria the improvement is much greater.  The MAE for pKa2 is 
4.8 with no waters, 2.7 with one water and 1.7 with four waters. Inspection of the natural 
population analysis charges75 shows that the differences in the charge distribution within 
the nucleobases upon protonation / deprotonation are the essentially the same with 0, 1 
and 4 explicit waters.  This suggests that specific hydrogen bonding is the main reason 
for the improvement in pKa2.  Nevertheless the calculated values are still further from 
experiment than desirable. Closer agreement with experiment can be achieved by 
introducing a cavity scaling factor for anions found in our previous studies.39, 44, 45 
The E"		 and E"		 reduction potentials vs standard hydrogen electrode (SHE) are 
summarizes in Table 5.2. for the nucleobase in the present study. The best established 
experimental value in aqueous solution is E7 = 1.29 V for guanine, obtained by 
Steenken and Jovanovic using kinetic rate measurements. Additional values for guanine 
E7 range from 1.04 to 1.31 V, depending on the technique and whether the free base, 
methylated base, nucleoside or nucleotide was measured.  The other nucleobases have 
not been studied in as much detail, but there is also a considerable spread in their redox 
potentials. Some of the difficulties in getting a consistent and reliable set of 
experimental redox potentials for nucleobases can be attributed to solubility issues and 
problems of irreversibility on oxidation or reduction.  The computed redox potentials are 
no doubt also biased by systematic errors.  Because the purpose of the present 
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investigation is to examine the effect of including a few explicit waters within an implicit 
solvent approach, it may be more informative to focus on the trends in the calculated 
numbers rather than compare directly to experiment.  The calculated results use eq 6, 7 
and eq 9 for E(X•,H+/XH). The pKa values presented in Table 5.1 indicate that all the 
unoxidized and oxidized species are in their neutral form at pH 7.  The present 
B3LYP/6-31+G(d,p) calculations without explicit waters are in good agreement with 
earlier calculations with SMD solvation using larger basis sets and with higher levels of 
theory.44 Compared to calculations with no explicit waters, the effect of one water is to 
lower the redox potential by an average of 0.07 V.  Using four explicit waters raises the 
redox potential by an average of 0.02 V.  In both cases, the effect is relatively small and 
much less pronounced than the effect on pKa2.  This may be due to the fact that both 
species in the E(X•,H+/XH) redox couple are neutral nucleobases. 
5.4  Conclusions 
 The SMD implicit solvation model yields rather good results for nucleobase pKa1 
calculations involving neutrals and cations. A modest improvement is obtained by 
including a few explicit water molecules near the site of protonation.  For pKa2 
calculations involving neutrals and anions, including explicit water molecules 
significantly improves the results, reducing the mean absolute error from 4.6 pKa units 
with no waters, to 2.6 with one water and 1.7 with four waters.  Solvent cavity scaling 
can be used to reduce this error further.  In calculations of E(X•,H+/XH) for the oxidation 
of nucleobases, adding explicit water molecules to the implicit solvation model does not 
appear to improve the results noticeably.  Most likely, this is because both reactant and 
product in the E(X•,H+/XH) redox reaction are neutral molecules.  
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Figure 5.1 Cycle used to calculate pKa. 
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Figure 5.2 Structures used to calculate pKa1 and pKa2 for 9-methyl guanine with one 
explicit water molecule. Values on the left of the structure (regular) are the free energies 
relative to the lowest energy tautomer. pKa values are shown in bold italics (red). 
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Figure 5.3 Calculated pKa’s and redox potentials for 9-methyl guanine. For detail, see 
caption of Figure 5.2. 
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Figure 5.4 Calculated pKa’s and redox potentials for 9-methyl adenine. For detail, see 
caption of Figure 5.2. 
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Figure 5.5 Calculated pKa’s and redox potentials for 1-methyl cytosine. For detail, see 
caption of Figure 5.2. 
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Figure 5.6 Calculated pKa’s and redox potentials for 1-methyl thymine. For detail, see 
caption of Figure 5.2.	
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Figure 5.7 Calculated pKa’s and redox potentials for 1-methyl uracil. For detail, see 
caption of Figure 5.2. 
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Table 5.1 Experimental and Calculated pKa Values in Aqueous Solution 
 
experimental Psciuk 
et al.lk 
(methyl 
subst.) 
current study (methyl 
subst.) 
NMPEt-
NdMPEta 
NMP-dNMP 
Nucleotidesb 
nucleotide methyl subst. nucleobase 
no 
water 
one 
water 
four  
waters 
guanine 
pKa1 
 
2.5-2.7 1.9e 3.1i 3.2 2.82 3.31 3.27 
pKa2 9.3-9.4 9.5-9.6 9.2e 9.5i 9.36 14.4 11.94 11.81 
pKa1ox   3.9
f 
 
3.34 2.64 2.71 3.80 
pKa2ox   10.9
f 
 
10.32 16.47 14.01 13.01 
adenine 
pKa1 3.1-3.3 3.8-4.0 3.6g 4.1j 3.79 3.16 3.13 4.68 
pKa1ox   4.2
h 
 
3.9 3.91 3.35 4.47 
cytosine 
pKa1 3.8-4.1 4.3-4.5 4.2g 4.5j 4.71 4.25 5.17 4.58 
pKa1ox   ~4
f 
 
5.69 4.05 4.75 4.50 
thymine 
pKa2 9.7-9.9 9.9c 9.8g 
 
9.98 13.99 11.95 11.65 
pKa1ox   3.6
f 
 
1.69 3.15 2.31 3.55 
uracil 
pKa2 9.2-9.4 9.5d 9.2g 9.7j 9.59 13.48 12.57 10.32 
pKa1ox     
1.52 1.52 2.92 1.64 
       
 
aAcharya et al.25 measured the pKa’s of  deoxy/ribonucleosides 3¢ ethyl phosphates 
using 1H NMR. bMucha et al.29 studied deoxy/ribose nucleotides using potentiometric 
titration method. cAvailable only for deoxyribose nucleotide, dAvailable only for ribose 
nucleotide.  eRef 18. fRef 9. gRef19. hRef 30. iRef 23. jRef 24. kPsciuk et. al calculated the 
pKa and redox potential of methyl substituted nucleobases at B3LYP level of theory and 
SMD solvation model with solvent cavity scaling using the geometries optimized at 6-
31+G(d,p) level of theory and single point energy calculated at aug-cc-pVTZ level of 
theory.44 
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Table 5.2 Experimental and Calculated Eo and E7 Reduction Potential in Aqueous 
solution in Volts (V) 
  experimental 
Psciuk et alc 
(methyl subst.) 
current study (methyl subst.)d 
  
ribose 
subst.a 
deoxyribose 
nucleotideb no water 
one 
water 
four 
waters 
guanine 
Eo 1.58   1.37 1.34 1.31 1.43 
E7 1.29 1.31 0.96 0.93 0.90 1.02 
adenine 
Eo 2.03   1.79 1.77 1.70 1.79 
E7 1.42 1.42 1.38 1.36 1.29 1.38 
cytosine 
Eo     2.07 2.04 2.03 2.10 
E7 ~1.6 1.5 1.67 1.63 1.62 1.69 
thymine 
Eo     1.86 1.96 1.86 1.99 
E7 ~1.7 1.45 1.45 1.55 1.67 1.58 
uracil 
Eo     2.13 2.18 2.17 2.16 
E7     1.72 1.77 1.76 1.75 
 
aSteenken et al. measured the aqueous phase redox potentials of ribose substituted 
nucleobases by kinetic rate measurements.22, 76 bFukuzumi et al. reported the redox 
potential of DNA nucleotides obtained by cyclic voltametry measurement in aqueous 
medium.26 cPsciuk et. al calculated the redox potential of methyl substituted 
nucleobases at B3LYP level of theory and SMD solvation model with solvent cavity 
scaling using the geometries optimized at 6-31+G(d,p) level of theory and single point 
energy calculated at aug-cc-pVTZ level of theory.44 cReported potentials are calculated 
against the absolute standard hydrogen electrode (SHE) potential in aqueous solution 
(4.281V). 
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CHAPTER 6:  DENSITY FUNCTIONAL THEORY CALCULATION OF 
pKa’S OF THIOLS IN AQUEOUS SOLUTION USING EXPLICIT WATER 
MOLECULES AND POLARIZABLE CONTINUUM MODEL 
Reproduced with permission from J. Phys. Chem. A. 2016, 120, 5726-35 
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6.1  Introduction 
Substituted thiols have a wide variety of uses and applications in chemistry, 
biochemistry and material chemistry. In biochemistry, for example, thiols are known for 
antioxidant properties such as radical quenching.1, 2 In cell redox buffers, their role is to 
regulate the protein thiol/disulfide composition. The disulfide bonds are important in 
maintaining the structural stability of soluble proteins.3, 4 Some interesting examples 
from material science include the use of substituted benzene thiols in molecular 
electronics, surface enhanced Raman spectroscopy and quantum electronic tunneling 
between plasmonic nanoparticle resonators.5-11 Understanding of the properties and 
reactivities of thiols as a function of pH requires a reliable set of measured or calculated 
acid dissociation constants. The experimental determination of pKa’s is not always easy 
because of problems such as interference from other solutes in the complex substrate 
environment, difficulties in isolation of specific residues, complexity due to the solvent 
system, etc. Hence, there is always a need to calculate pKa’s using quantum chemical 
techniques.  
The calculation of pKa’s is the subject of a number of recent reviews.12-14 The pKa 
for a molecule is obtained from the solution phase free energy of the deprotonation 
reaction, AH ⇋	A- +	H' 		.  The quality of calculated pKa’s depends on the accuracy of 
the computed deprotonation energies and the reliability of the estimated solvation 
energies. Early studies showed that some implicit solvation models can lead to large 
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errors in the calculated pKa’s.12-14 However, these errors are often systematic for a given 
functional group, and suitable estimates of pKa’s can be obtained from linear 
correlations between calculated solvation free energies or pKa’s and known 
experimental values. Friesner and coworkers developed a protocol for predicting pKa’s 
for a wide range of functional groups that involved a linear correlation between 
experimental pKa’s and raw pKa’s computed using free energies from density functional 
calculations and a continuum solvation model with radii optimized for each functional 
group.15 Zhang and Pulay16, 17 also developed an efficient method for estimating pKa’s 
for numerous functional groups using a linear correlation approach based on density 
functional calculations of deprotonation energies calculated in solution using the 
COSMO implicit solvation model.  There are many other studies that use similar 
approaches to predict pKa’s for limited classes of molecules. The linear regression 
approach requires fitting the calculated values to a large and representative collection of 
experimental data. Although the predicted pKa’s can be quite good, different linear fits 
are needed for different functional groups. Often the linear fits have slopes that are very 
different from one and intercept that are non-zero. This indicates that some physical 
features of the deprotonation reaction in aqueous solution are not being captured by the 
calculations of the reaction energies and the solvation energies.  Implicit solvation 
models do not include specific hydrogen bonding interactions, and these can be very 
important in aqueous solution, especially for ions.  Explicit water molecules can be 
included to account for the specific hydrogen bonds. A number of studies have shown 
that this improves the calculation of pKa’s, especially for processes involving anions.18-23 
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In a series of papers, Junming Ho and Michelle Coote have published extensive 
comparisons of methods for calculating pKa’s directly and using various thermodynamic 
cycles.13, 24-27 The thermodynamic cycle approach involves free energy calculations in 
the gas phase and the computation of solvation free energies for individual reactants 
and products. In the direct approach, the free energies of the reactants and products 
are calculated directly in the solution.26 The direct approach avoids geometry 
optimization in the gas phase and eliminates the possibility of differences in geometries 
optimized in the gas phase and in solution. Even though thermodynamic cycles have 
been employed more frequently to calculate pKa’s, the direct method is being used 
increasingly.  Compared to thermodynamic cycle approaches, the direct method is 
computationally simpler and yields results of comparable accuracy.26 In previous 
studies, we have used thermodynamic cycles and the direct approach to calculate pKa’s 
of DNA nucleobases and intermediates in the oxidative degradation of guanine.23, 28-30 
Despite their importance, the only models available for calculating pKa’s of thiols 
involve linear regression fits;9, 16, 17, 31 direct calculations thiols have been reported 
only for methanethiol and ethanethiol.32  In the present Chapter, we have developed an 
explicit-implicit solvation model that can be used to calculate pKa’s of substituted thiols 
directly, without resorting to linear fits. We have compared the performance of different 
functionals using the SMD33 implicit solvation model with and without explicit waters 
around the solute. The SMD model is parameterized to incorporate some of the short-
range interactions between solute and solvent molecules such as dispersion and cavity 
formation contributions to the total solvation free energy. However, SMD does not 
adequately treat the hydrogen bonding interactions between thiols / thiolates and water.  
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To account for these specific hydrogen bonds, we have included up to three explicit 
molecules of water hydrogen bonded to the sulfur. Some of the early work on implicit-
explicit and cluster-continuum models has been discussed in a review by Cramer and 
Truhlar.34 Often one to four explicit water molecules improves the solvation energies of 
ions and the calculation of pKa’s.18, 19, 22, 23, 35-38 A more detailed treatment of solute-
solvent hydrogen bonding and long-range interactions can be obtained by molecular 
dynamics simulations coupled with QM/MM/continuum calculations on representative 
snapshots.39-43 However, long simulations and many snapshots are needed to obtain 
accurate free energies. One of the goals of the present study is to establish a simple 
and inexpensive protocol for calculating pKa’s of thiols. A set of 45 substituted thiols 
with experimental pKa’s ranging from 4 to 12 has been used to assess the performance 
of different functionals and basis sets, and the effect of including explicit water 
molecules. 
6.2  Computational Methods  
 The pKa for a molecule can be calculated from the solution phase free energy of 
the deprotonation reaction, AH ⇋	A- +	H' 		 
pK# = ∆G#'*2.303RT	 
where ∆G#$* = G#$* (A-) + G#$* (H-)-G#$* (AH)		. The calculated Gibbs free energies include 
ZPVE, thermal corrections and entropies computed by standard statistical 
thermodynamic methods at 298.15 K using the unscaled frequencies and the ideal gas / 
rigid rotor / harmonic oscillator approximations. In the direct approach, the energy 
difference is calculated directly in solution rather than by a thermodynamic cycle 
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involving gas phase energies. The aqueous phase proton free energy is:  
G"#* H& = G() H& + ∆G"#,-)./(H&) + ∆G2"34	→27	 
∆G#$,&'() H+ 			= -265.9 kcal/mol was taken from the literature44-47 and G"#(H&)		 was 
calculated using	G#$ = H#$-T	S#$			 where E"# = 0, H() = 5 2RT = 1.48		 kcal/mol, and S"# = 26.05		 
cal/mol×K. ∆G#$%&	→#)		 = 1.89 kcal/mol corresponds to the free energy change due to 
changing the standard state from 1 atm to 1 M. 
To assess the performance of various DFT methods, pKa’s were calculated for 
imidazole, methanethiol, and ethanethiol using a set of 175 density functionals (see the 
Supporting Information of the original text) with the 6-31+G(d,p) basis set. From this set 
of 175 functionals, eight functionals that performed well were selected for second part of 
the study: B3LYP48-51, M06-2X52, wB97XD53, BLYP48-50, PBEPBE54, 55, PBEVWN554-56, 
BP8650, 57 and LC-BLYP48, 50, 58. Three different basis sets (6-31G(d), 6-31+G(d,p), and 
6-311++G(d,p))59-63 were used to optimize the geometry with each of the functionals in 
aqueous solution with SMD solvation model. Frequency calculations were used to 
confirm that all of the structures were minima on the potential energy surface. A set of 
45 different organic thiols was used to assess the performance and accuracy of the 
various functionals. Some of the structures used in this study may have more than one 
conformer; the ones with the lowest energy have been used for the pKa calculations. 
Conformers having the energies within 1 kcal/mol are found to have calculated pKa 
within 0.5 pKa units of the lowest energy conformers. The pKa calculations were carried 
out using the SMD33 polarizable continuum solvation model without explicit water 
molecules, and using SMD with one and three explicit waters around the sulfur atom 
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involved in deprotonation/protonation reaction. The development version of Gaussian 
series of programs was used to perform the calculations.64 
6.3  Results and Discussion 
 The performance of a set of 175 density functionals in the calculation of the pKa’s 
of imidazole, methanethiol, and ethanethiol is shown in Figure 6.1. The difference 
between the calculated and experimental pKa’s for imidazole-imidazolium forms a rather 
broad distribution but is peaked near zero. This shows that a large fraction of the 
functionals yield quite good values for the pKa of imidazole when used with the SMD 
implicit solvation model.  The shape of the distribution of calculated pKa values for 
methanethiol and ethanethiol is very similar to that for imidazole, but the peak in the 
calculated pKa’s for the thiols is almost 10 pKa units higher than the experimental 
values. This deviation in ∆pKa is fairly consistent for each of the 175 density functionals 
for both the methanethiol and the ethanethiol. The ∆pKa for the thiols is 8.5±3.4 units 
higher than ∆pKa for imidazole when averaged over the 175 density functionals.  From 
this set of 175 DFT functionals, eight functionals were selected for the study of the pKa’s 
of substituted organic thiols: four pure functionals (BLYP, PBEPBE, PBEVWN5, and 
BP86), a long-range corrected pure functional (LC-BLYP), two hybrid functionals 
(B3LYP, M06-2X), and a range-separated hybrid functional (wB97XD). 
 The set of 45 different organic thiols used to assess the performance of the 
various functionals is shown in Figure 6.2. The experimental pKa’s for this set of organic 
thiols are listed in Table 6.1 and range from 4 to 12 pKa units.65-76 The test calculations 
in Figure 6.1indicate that there is a large error in the calculation of the pKa’s for simple 
thiols.  In previous studies on nucleobases, we found that the methods that performed 
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well for pKa’s of cation-neutral pairs often performed poorly for pKa’s of neutral-anion 
pairs.23, 28-30 Earlier studies of thiol pKa’s involving linear fits of the solvation free energy 
or linear correlations of the calculated pKa’s with respect to the experimental values 
show that there are systematic errors in the calculated solvation energy for the 
anions.15, 16 Aside from reparametrizing the solvation model specifically for thiol pKa’s, 
there are two viable ways to correct these errors: (a) scaling the solvent cavity and (b) 
including explicit solvent molecules in addition to implicit solvation. 
6.3.1  Solvent cavity scaling 
 Even though implicit solvation models are highly parameterized, the calculated 
aqueous solvation free energies for anionic species still tend to have larger errors than 
for neutral species. A simple way to compensate for the effect of missing charge density 
and short-range interactions is by scaling the solvent cavity or by scaling individual 
atomic radii. In an earlier study of the calculation of pKa’s and reduction potentials of 
nucleobases,28, 29 we scaled the solvation cavity to successfully correct for errors in the 
solvation energy. The cavity scaling approach was particularly useful for the anions with 
the negative charged localized on nitrogen or oxygen atoms. The applicability of cavity 
scaling for charged species was also noted in some other studies.77-81 Scaling the 
solvent cavity was used in an attempt to correct for the systematic errors in the solvation 
free energy of thiolates. Even with an unreasonably small cavity scaling factor of 0.70, 
the calculated pKa’s were still 3 units higher than the experimental values. This indicates 
that scaling the solvent cavity does not sufficiently compensate for the errors in 
solvation free energy for thiolates.  
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6.3.2  Inclusion of explicit waters  
 By their very nature, implicit solvation models do not include a direct treatment of 
specific short-range solute-solvent interactions such as hydrogen bonds. Those short-
ranged interactions are particularly strong for charged species in polar solvents like 
water. One way to account for these interactions is to use a cluster-continuum or 
explicit-implicit solvent model.18, 23, 33, 82-86 In the present study, we have placed one and 
three explicit water molecules near the sulfur atom undergoing 
deprotonation/protonation. The general arrangement of hydrogen bonds between the 
thiol / thiolate and the explicit water molecules is shown in Figure 6.3. For the one 
explicit water case, the orientation of the water changes from a hydrogen bond acceptor 
with thiol to a hydrogen donor for thiolate. For three explicit water molecules, the two 
additional waters form S…HOH hydrogen bonds with both the thiol and the thiolate. With 
this arrangement, the total number of hydrogen bonds is the same for the thiol and the 
thiolate, ensuring that the contributing to the energy difference comes from change in 
the strength of hydrogen bonds and not from a change in the number of hydrogen 
bonds.  
 Figure 6.4 shows a linear correlation between the experimental pKa’s of the thiols 
and the pKa’s calculated using the SMD implicit solvation model with zero, one and 
three explicit waters at the wB97XD/6-31+G(d,p) level of theory.  The performance of 
the other seven density functionals is similar (see Figures S1-S7 of the Supporting 
Information of the original text).  The R2 values are 0.94 – 0.96, indicating a good 
correlation in all three cases. However, without an explicit water, the intercept is greater 
than zero and the slope is significantly greater than one, indicating a systematic error 
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that increases with the pKa.  Adding one explicit water reduces the slope from 1.76 to 
1.48 and the intercept from 1.18 to 0.42.  The average error in the pKa’s is reduced from 
7.77 to 4.53 pKa units (see Table 2). This implies that the lack of short-range hydrogen 
bonding interactions is a major factor in the poor performance of SMD for calculating 
thiol pKa’s.  When three waters are placed around the sulfur, the correlation between 
the experimental pKa’s and the ones calculated at the wB97XD/6-31+G(d,p) level of 
theory has a slope of 0.991 when the intercept is set to zero, and the average error in 
the pKa’s is only -0.11.  This demonstrates that the short-range interactions needed for 
the calculation of pKa’s for thiols are treated very well by the inclusion of three waters. 
 Table 1 compares the errors in the pKa’s for individual molecules calculated with 
the selected eight functionals using the 6-311++G(d,p) basis and SMD solvation with 
three explicit waters. The wB97XD functional performs the best, with the lowest mean 
signed error (MSE), mean unsigned error (MUE) and standard deviation (SD); the 
largest maximum positive and negative errors are 1.13 and -1.16, respectively. The 
B3LYP functional has the second best performance, while M0-62X, PBEPBE, BP86, 
BLYP, and LC-BLYP show systematic deviations, underestimating the pKa’s on average 
by more than 3 units.  
 Table 2 summarizes the performance of the eight selected functionals and three 
different basis sets for calculating pKa’s of substituted thiols using SMD solvation with 
zero, one and three explicit waters. As expected, the basis set needs to include 
polarization functions on the hydrogen; the pKa’s calculated with the 6-31G(d) basis set 
and no explicit waters deviate from experimental values by 8 - 14 pKa units. With the 6-
31+G(d,p) basis set, the mean unsigned error in the calculated pKa’s is reduced to 5 - 9 
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pKa units. M06-2X has the smallest deviation (4.8±		1.7 pKa units) and wB97XD has the 
largest deviation (7.8±		1.6 pKa units).  Enlarging the basis set and adding diffused 
functions on the hydrogens (6-311++G(d,p) basis set) changes the average errors in the 
calculated pKa values by only about ±		0.2 pKa units.  This change is insignificant 
compared to the deviation from the experimental values.  Because of the large errors in 
the pKa values calculated with 6-31G(d) basis set, only the 6-31+G(d,p) and 6-
311++G(d,p) basis sets were used for calculations with explicit water molecules.  
 The error in the calculated pKa’s is reduced impressively by an average of 3.0 pKa 
units when one explicit water molecule is hydrogen bonded to the sulfur atom (Table 
6.2). The largest improvement is seen for BP86 and PBEPBE (more than 4 pKa units). 
The best performances with one explicit water are for LC-BLYP (MSE 1.4 – 1.5 pKa 
units), M06-2X (MSE 1.5 – 1.6 pKa units), PBEPBE (MSE 1.5 – 1.8 pKa units), and 
BP86 (MSE 1.8 – 2.0 pKa units). For the popular B3LYP hybrid functional, the 
calculated pKa values still deviate from experiment by about 3.7 – 3.8 pKa units with one 
explicit water and SMD solvation, even though there is more than 3.3 pKa units 
improvement compared to SMD with no explicit waters. With three explicit waters, the 
M06-2X, PBEPBE, BLYP and LC-BLYP functionals are found to over-stabilize thiolates 
(Table 6.1 and 2), resulting in calculated pKa that are much lower than the experimental 
values (MSE of -3.2 to -4.0 pKa units). By contrast, PBEVWN5 underestimates the 
stability of anion even with three explicit waters, resulting pKa’s that are higher than the 
experimental values. The average error in the pKa’s calculated with the B3LYP/6-
31+G(d,p) level of theory is -1.11±		0.82 pKa units. An accuracy of better than 1 pKa unit 
is obtained with B3LYP and the larger 6-311++G(d,p) basis set (MSE -0.78±0.79). The 
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performance of wB97XD is rather impressive; with the three explicit water molecules, 
the average error is -0.11±		0.50 and 0.17±		0.58 pKa units with the 6-31+G(d,p) and 6-
311++G(d,p) basis sets, respectively. The pKa’s calculated for the individual thiols with 
the wB97XD/6-31+G(d,p) level of theory are compared with the experimental values in 
Table 6.3.  Adding one explicit water reduces the average error from 7.78 to 4.53 pKa 
units. With three explicit waters the MSE and MUE are -0.11 and 0.43 respectively, and 
the standard deviation is 0.50 pKa units. 
 The present study demonstrates that including explicit waters near the sulfur is 
essential for obtaining reasonable pKa’s for thiols with the SMD solvation model.  With 
one explicit water, the M06-2X and LC-BLYP functionals can give pKa’s within 2 units of 
the experimental values. In order to achieve an error of less than 1 pKa unit, three 
explicit waters hydrogen bonded to the sulfur atom and the wB97XD functional with a 6-
31+G(d,p) basis set or better are recommended.  
6.4  Summary 
 A survey of 175 different density functionals showed that the average pKa’s of 
methanethiol and ethanethiol calculated with the SMD implicit solvation model are 
almost 10 pKa units higher than the experimental values. To probe the nature of this 
discrepancy, we selected a test set of 45 substituted thiols with experimental values 
ranging from 4 to 12.  Eight different density functionals with 3 different basis sets were 
used for calculations with the SMD implicit solvation model with and without explicit 
water molecules. Without explicit waters, the SMD solvation model had large errors in 
the solvation energy of thiolate anions, with calculated pKa’s deviating from the 
experimental values by 5 to 10 pKa units depending upon the level of theory used. 
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Solvent cavity scaling for the anions was found to be ineffective in producing reasonable 
pKa’s for the thiols, indicating that the error in the SMD solvation energy of thiolates 
cannot be corrected simply by scaling the cavity. The calculation of pKa’s with three 
different basis sets (6-31G(d), 6-31+G(d,p), and 6-311++G(d,p)) showed that 
polarization functions on the hydrogens and diffuse functions on the heavy atoms are 
needed. Inclusion of one explicit water hydrogen bonded with the H of the thiol group (in 
thiols) or S- (in thiolates) lowered the error of the pKa’s by an average of 3.5 units. With 
one explicit water and SMD solvation, pKa’s calculated with M06-2X, PBEPBE, BP86, 
and LC-BLYP functionals have a MUE of 1.5-2.0 pKa units while pKa’s calculated with 
PBEVWN5, B3LYP, and wB97XD are still in error by more than 3 pKa units. The 
inclusion of three explicit water molecules around sulfur lowered the calculated pKa’s 
further by as much as 4.5 pKa units but had mixed effects on the accuracy. With the 
B3LYP and wB97XD functionals and three explicit waters, the calculated pKa’s are 
within 1 pKa unit of the experimental value while the other functionals used in this study 
underestimate the pKa’s because they over-stabilize the anions. B3LYP with 6-
311++G(d,p) basis set and three explicit waters has average error of-0.78±0.79. The 
wB97XD/6-31+G(d,p) level of theory with SMD and three explicit water molecules 
hydrogen bonded to the sulfur produced best result (average error of -0.11±0.50 
compared to the experiment). This study demonstrates that the SMD implicit solvation 
model seriously underestimates the stabilization of thiolates in aqueous solution, but 
that the inclusion of three explicit water molecules can correct this shortcoming in the 
calculation of pKa’s. 
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Figure 6.1 Comparison of the errors in the calculated pKa’s for imidazole, methanethiol, 
and ethanethiol computed with 175 different functionals and the 6-31+G(d,p) basis set 
using the SMD solvation model without explicit water molecules. 
 126 
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(a)
(b)
	
Figure 6.3  Placement of (a) one explicit water, and (b) three explicit waters hydrogen 
bonded to methanethiol and methanethiolate 
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Figure 6.4 Linear correlation of experimental pKa’s and values calculated using 
wB97XD/6-31+G(d,p) with SMD and no explicit water molecules (blue squares), one 
explicit water (red triangles), three explicit waters (green dots)	
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Table 6.1 Experimental pKa’s of the Substituted Thiols and Errors in pKa’s Calculated 
Using SMD Solvation and Three Explicit Water Molecules with Selected Density 
Functionals and the 6-311++G(d,p) Basis Set 
 
Structure 
 
pKa (exp) 
∆pKa (pKacalc – pKaexp) 
 
 
pKa (calc) 
 
 
 
 
wB97XD B3LYP BLYP PBEVWN5 M06-2X BP86 PBEPBE LC-BLYP 
1 5.24 -1.16 -1.86 -2.56 0.42 -4.69 -3.59 -3.04 -4.37 
2 5.30 -0.78 -2.03 -2.29 0.01 -3.07 -3.97 -4.04 -4.48 
3 5.33 -0.06 -2.01 -3.32 0.32 -3.44 -5.90 -4.19 -3.88 
4 5.78 0.05 -1.21 -0.65 1.29 -2.62 -2.84 -4.54 -4.36 
5 6.14 -0.24 -1.48 -2.49 0.91 -4.28 -3.90 -4.20 -4.02 
6 6.61 0.47 -1.22 -2.87 1.33 -4.17 -4.07 -4.54 -3.70 
7 6.64 0.92 -0.05 -1.36 2.83 -2.72 -2.14 -2.55 -2.92b 
8 6.66 0.67 -1.50 -2.44 2.08 -3.09 -3.46 -3.86 -4.38 
9 6.78 -0.58 -0.07 -1.68 2.88 -1.35 -3.65 -3.80 -3.61 
10 6.82 0.30 -1.62 -2.94 1.13 -3.71 -3.57 -4.03 -4.30 
11 7.30 0.02 -0.43 -2.62 0.45 -5.39 -4.11 -3.93 -5.18 
12 7.86 0.32 -1.34 -1.94 2.14 -3.64 -3.50 -2.66 -4.28 
13 7.95 1.06 -0.68 -1.20 0.83 -3.16 -3.27 -3.76 -4.30 
14 8.08 -0.17 -0.82 -3.41 1.87 -3.44 -3.00 -4.21 -3.41 
15 8.33 -0.19 0.14 -0.94 2.53 -4.95 -2.99 -3.88 -5.29 
16 8.62 0.44 -0.33 -1.44 3.19 -1.46 -2.58 -2.63 -2.32 
17 9.38 0.04 -0.19 -1.42 2.44 -2.31 -3.61 -4.13 -3.69 
18 9.43 0.75 0.04 -1.56 2.52 -4.56 -3.33 -4.03 -2.64 
19 9.51 0.77b -1.01 -2.10 2.66 -2.69 -3.15 -2.60 -3.26 
20 9.72 -0.37 -1.88 -2.67 1.11 -4.17 -3.79 -4.13 -4.08 
21 9.85 0.22 -0.88 -1.61 2.37 -2.69 -3.71 -3.83 -4.82 
22 9.96 0.74 -0.83 -2.07 2.73 -3.17 -4.22 -4.44 -4.22 
23 10.33 -0.66 -0.61 -1.70 2.32 -1.70 -3.68 -3.95 -4.06 
24 10.61 0.51 -0.50 -1.24 3.47 -3.60 -3.10 -3.70 -3.80 
25 10.67 -0.25 -0.01 -1.48 3.93 -2.72 -3.93 -4.29 -4.34 
26 10.86 0.57 0.21 -1.76 2.56 -3.27 -3.54 -2.59 -2.94 
27 9.04 -0.05 -0.42 -0.85 2.20 -2.72 -3.95 -3.72 -3.39 
28 8.55 0.38 -0.70 -2.19 2.02 -2.16 -3.05 -4.09 -3.42 
29 10.40 1.01b -0.37 -0.27 2.64 -2.33 -2.12 -2.40 -5.27 
30 10.53 -1.03 -0.54 -2.13 1.87 -3.10 -3.59 -3.10 -4.86 
31 10.57 0.69 0.76 -0.01 4.34 -3.07 -2.48 -2.61 -3.34 
32 11.05 0.56 0.04 -1.02 3.68 -2.40 -4.12 -3.02 -2.06 
33 11.22 0.76 -0.94 -1.81 2.69 -3.20 -3.94 -4.05 -3.01 
34 9.05 -0.02 -1.13 -2.54 1.64 -2.89 -3.83 -3.89 -3.42 
35 10.22 1.13 -0.14 -1.32 2.51 -2.42 -2.02 -3.06 -3.64 
36 8.82 0.50 -0.57 -1.91 1.32 -3.78 -2.82 -3.43 -3.32 
37 10.69 0.70 0.06 -1.32 3.18 -3.12 -4.21 -3.65 -3.51 
38 6.39 0.33 -0.95 -2.12 2.20 -3.32 -3.28 -3.95 -3.76 
39 6.02 -0.27 -1.44 -1.80 0.20 -3.14 -4.29 -3.89 -5.05 
40 4.72 -0.63 -3.26 -5.66 -3.03 -4.70 -5.76 -5.91 -5.51 
41 10.27 -0.86 -1.37 -3.35 0.96 -4.71 -4.06 -3.93 -4.39 
42 10.19 0.63 0.74 -0.85 2.23 -2.71 -2.60 -2.93 -3.41 
43 9.33 -0.24 -0.64 -2.10 2.50 -3.86 -3.88 -3.13 -3.15 
44 9.88 0.62 -0.43 -0.73 3.74 -2.33 -3.76 -3.82 -3.19 
45 9.26 0.12 -1.65 -2.84 1.11 -2.22 -4.55 -4.41 -2.18 
Mean Signed Error (MSE) 0.17 -0.78 -1.92 1.96 -3.20 -3.58 -3.70 -3.83 
Mean Unsigned Error (MUE) 0.51 0.87 1.92 2.10 3.20 3.58 3.70 3.83 
Standard Deviation (SD) 0.58 0.79 0.98 1.29 0.92 0.78 0.70 
 
0.82 
aRef. 65-76   b6-311++G(d,p)//6-31+G(d,p) 
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Table 6.2 Averages and Standard Deviations for the Errors in the Calculated pKa’s for 
Different Levels of Theory 
Functional Basis Set 
∆pKa (pKa(calc) – pKa(exp)) 
SMD SMD + 1Water SMD + 3Waters 
ωB97XD 
6-31G(d) 11.04±2.23 - - 
6-31+G(d,p) 7.77±1.58 4.53±1.13 -0.11±0.50 
6-311++G(d,p) 8.02±1.54 4.99±1.05 0.17±0.58 
B3LYP 
6-31G(d) 11.25±2.50 - - 
6-31+G(d,p) 7.16±1.85 3.74±1.33 -1.11±0.82 
6-311++G(d,p) 7.21±1.82 3.87±1.31 -0.78±0.79 
BLYP 
6-31G(d) 11.65±2.77 - - 
6-31+G(d,p) 6.43±1.93 2.77±1.26 -2.17±1.01 
6-311++G(d,p) 6.49±1.89 2.88±1.34 -1.92±0.98 
PBEVWN5 
6-31G(d) 14.18±2.69 - - 
6-31+G(d,p) 9.23±1.95 6.16±1.37 1.71±1.24 
6-311++G(d,p) 9.36±1.98 6.27±1.33 1.96±1.29 
MO62X 
6-31G(d) 8.06±2.34 - - 
6-31+G(d,p) 4.76±1.74 1.63±1.22 -3.21±1.04 
6-311++G(d,p) 4.84±1.67 1.54±1.24 -3.20±0.92 
BP86 
6-31G(d) 10.17±2.85 - - 
6-31+G(d,p) 6.04±2.01 1.81±1.20 -3.78±0.77 
6-311++G(d,p) 6.12±1.98 1.97±1.36 -3.58±0.78 
PBEPBE 
6-31G(d) 10.21±2.89 - - 
6-31+G(d,p) 6.00±2.02 1.49±1.42 -3.92±0.78 
6-311++G(d,p) 6.17±2.00 1.76±1.43 -3.70±0.70 
LC-BLYP 
6-31G(d) 8.88±2.00 - - 
6-31+G(d,p) 5.22±1.48 1.43±1.07 -4.00±0.82 
6-311++G(d,p) 5.21±1.48 1.53±0.98 -3.83±0.82 
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Table 6.3 Experimental pKa’s and Values Calculated with the wB97XD/6-31+G(d,p) 
Level of Theory for Various Substituted Thiols 
Structure pKa  (experiment) 
SMD SMD + 1 water SMD + 3 waters 
pKa ∆pKa pKa ∆pKa pKa ∆pKa 
1 5.24 10.18 4.94 8.02 2.78 4.86 -0.38 
2 5.30 10.68 5.38 7.93 2.63 5.58 0.28 
3 5.33 10.65 5.32 8.39 3.06 4.80 -0.53 
4 5.78 11.97 6.19 9.00 3.22 5.88 0.10 
5 6.14 11.80 5.66 9.27 3.13 5.13 -1.01 
6 6.61 12.89 6.28 10.49 3.88 6.63 0.02 
7 6.64 13.74 7.10 11.61 4.97 6.66 0.02 
8 6.66 13.43 6.77 10.82 4.16 6.06 -0.60 
9 6.78 12.84 6.06 9.93 3.15 6.56 -0.22 
10 6.82 13.58 6.76 10.70 3.88 6.25 -0.57 
11 7.30 14.46 7.16 11.37 4.07 6.87 -0.43 
12 7.86 14.43 6.57 11.87 4.01 7.38 -0.48 
13 7.95 14.56 6.61 10.58 2.63 8.57 0.62 
14 8.08 15.11 7.03 12.78 4.70 7.62 -0.46 
15 8.33 15.65 7.32 12.01 3.68 8.05 -0.28 
16 8.62 17.81 9.19 14.10 5.48 9.05 0.43 
17 9.38 17.27 7.89 13.99 4.61 9.67 0.29 
18 9.43 18.34 8.91 14.70 5.27 10.11 0.68 
19 9.51 18.43 8.92 14.97 5.46 9.58 0.07 
20 9.72 17.12 7.40 13.82 4.10 8.93 -0.79 
21 9.85 18.64 8.79 14.51 4.66 9.48 -0.37 
22 9.96 17.93 7.97 14.73 4.77 10.63 0.67 
23 10.33 19.63 9.30 16.42 6.09 10.13 -0.20 
24 10.61 19.76 9.15 15.73 5.12 11.15 0.54 
25 10.67 20.35 9.68 16.09 5.42 9.99 -0.68 
26 10.86 20.32 9.46 16.64 5.78 11.17 0.31 
27 9.04 18.52 9.48 14.98 5.94 9.67 0.63 
28 8.55 15.94 7.39 12.81 4.26 7.99 -0.56 
29 10.40 19.11 8.71 14.99 4.59 10.88 0.48 
30 10.53 18.63 8.10 14.60 4.07 9.78 -0.75 
31 10.57 20.22 9.65 16.54 5.97 11.19 0.62 
32 11.05 20.87 9.82 18.07 7.02 11.13 0.08 
33 11.22 21.18 9.96 15.59 4.37 11.32 0.10 
34 9.05 17.46 8.41 13.94 4.89 9.20 0.15 
35 10.22 19.84 9.62 15.91 5.69 10.50 0.28 
36 8.82 17.09 8.27 13.68 4.86 8.25 -0.57 
37 10.69 20.27 9.58 16.97 6.28 10.83 0.14 
38 6.39 12.82 6.43 10.23 3.84 6.46 0.07 
39 6.02 12.06 6.04 9.26 3.24 5.01 -1.01 
40 4.72 8.03 3.31 6.67 1.95 4.06 -0.66 
41 10.27 18.11 7.84 14.92 4.65 9.31 -0.96 
42 10.19 19.39 9.20 16.46 6.27 10.63 0.44 
43 9.33 17.53 8.20 14.47 5.14 9.03 -0.30 
44 9.88 19.56 9.68 15.25 5.37 10.01 0.13 
45 9.26 17.23 7.97 14.15 4.89 8.77 -0.49 
     Mean Signed Error (MSE) 7.77  4.53  -0.11      Mean Unsigned Error (MUE) 7.77  4.53  0.43 
     Standard Deviation (SD) 1.58  1.13  0.50 
aRef. 65-76 
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CHAPTER 7:  THEORETICAL CALCULATION OF pKa’S OF SELENOLS 
IN AQUEOUS SOLUTION USING AN IMPLICIT SOLVATION MODEL 
AND EXPLICIT WATER MOLECULES 
Reproduced with permission from J. Phys. Chem. A. 2016 120, 8916-22 
Copyright 2016, American Chemical Society 
 
7.1  Introduction 
Organoselenium compounds are essential compounds found in most major 
forms of life and perform vital functions in various biological processes. Selenocysteine, 
the selenium analogue of cysteine, is known as the 21st amino acid and is incorporated 
in various selenoproteins such as glutathione peroxidases, iodothyronine deiodinase, 
selenophosphatase synthase, etc.1 Most of the selenoproteins are enzymes and are 
involved in redox reactions and various catalytic activities.1-4 Because selenium has a 
number of isotopes, selenoproteins have applications in several biotechnological areas 
such as positron emission tomography (PET), residue-specific radiolabeling, protein 
crystallography, high-resolution NMR and EPR spectroscopy, protein folding studies, 
peptide conjugation, etc.1 Substituted selenols also have roles in various biochemical 
functions as substrates for enzyme catalysis,5, 6 as integral component of antioxidants,4, 
7-10 and as selenium-substituted nucleobases in RNA studies.11-15 Because selenols 
have low pKa’s and the resulting selenolates are soft nucleophiles with highly reactivity, 
organoselenols are useful precursors in organic and biochemical synthesis.16, 17 Dietary 
deficiency in selenium can lead to various clinical problems including cardiovascular 
disease, viral infections, thyroid and reproduction dysfunction, asthma, carcinogenic 
effects, and neurodegenerative disorders,10, 18-21 whereas elevated levels of selenium 
lead to toxicity.  
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An important group of organoselenium compounds, organoselenols are similar to 
thiols in some of their physiochemical properties but are distinct in other aspects. The 
higher reactivity of selenium compared to sulfur and the lower pKa of the selenols 
compared to the thiols are some of the key factors for their importance and applicability 
in relation to their thiol analogues. Knowledge of the reactivity of selenols is essential to 
understand the chemistry of selenides, selenoxides, diselenides, selenyl sulfides, 
selenocyanates etc. Only a few studies have reported experimental pKa’s of biologically 
relevant selenols.17, 22-29 Therefore, a reliable method for calculating pKa’s by quantum 
chemistry would be a valuable addition to our understanding of selenols. 
Most of the computational work on selenium containing molecules in the 
literature has focused on exploring the reactivity of biologically relevant organoselenium 
compounds. Despite the biologically importance of organoselenols, comparatively few 
computational studies have investigated their chemistry. In a series of papers,30-33 Boyd 
and coworkers have tested various density functionals to find a reliable method of 
predicting the energetics and redox behavior of organoselenium compounds including 
some selenols, both in the gas phase and in solution. Nam and Nguyen34 calculated the 
relationship between the bond dissociation enthalpy and spin density of various 
substituted benzeneselenols in the gas phase. However, these studies were not 
focused on acid dissociation constant (pKa) calculations. Ali et al.35 calculated the pKa’s 
of some of the selenol compounds that are relevant to the redox cycle of bovine 
glutathione peroxidase GPx1. Their study used the B3LYP and MP2 with IEFPCM and 
CPCM-COSMO-RS implicit solvation to calculate the pKa’s using a thermodynamic 
cycle. With both implicit solvation models, the calculated pKa’s had significant errors 
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compared to the experimental pKa’s. However, since the errors were found to be 
systematic, they employed a simple linear correlation method to obtain reasonable 
pKa’s. Byun and Kang36 calculated the pKa of selenocysteine in various conformations 
using a thermodynamic cycle with the carefully selected B2PLYP-D/6-
311++G(d,p)//M06-2X/6-31+G(d) level of theory and SMD solvation in the aqueous 
medium. Their study estimated the pKa of selenocysteine to be 5.47, very close to the 
experimental reference value of 5.43±0.02. To the best of our knowledge, no other 
studies have reported a reliable method to estimate the pKa’s of a larger group of 
selenols in the aqueous medium.  
In the present study, we have calculated the pKa’s for a set of 30 organoselenols, 
16 of which have known experimental pKa’s in aqueous solution. Most of the 
compounds have some biological significance. The pKa’s of these organoselenols have 
been computed with an implicit-explicit solvation model using SMD implicit solvation and 
up to three explicit waters. We developed and used this approach for the calculation of 
pKa’s for nucleobases and substituted thiols.37, 38 The free energy differences are 
calculated directly in solution without employing a thermodynamic cycle. The 
advantages of a direct approach for calculating pKa’s over using thermodynamic cycles 
are discussed and reviewed in detail by Ho, Coote and coworkers.39-42 In the study of 
thiol pKa’s, we carefully compared the performance of numerous DFT functionals and 
SMD solvation with and without explicit waters for calculating pKa’s. At least one explicit 
water hydrogen bonded to the thiol/thiolate was needed to capture some of the short-
range solute-solvent interactions not effectively treated by SMD. The best estimates of 
pKa’s for thiols were obtained with selected functionals and three explicit waters 
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interacting with the sulfur atom undergoing protonation/deprotonation. Because the 
basic physiochemical properties of the organic selenols are similar to their thiols 
analogues, the set of the functionals that performed well for thiols has been selected for 
this study. As discussed in the literature, a more detailed treatment of short-range 
solvation interactions such as hydrogen bonding can be obtained by molecular 
dynamics simulations,43-45 but such calculations require very careful calibration of the 
solute-solvent interactions and are costly because of long simulation times.  
7.2  Method 
All calculations were performed with the development version of the Gaussian 
series of programs.46 A test set of 30 substituted organic selenols was used for the 
study - 16 have known experimental pKa’s ranging from 3 to 8. In Chapter 6,38 a wide 
range of functionals was tested to calculate the pKa’s of 45 substituted thiols and 
compared with experimental pKa’s. The three functionals that performed best in that 
study (B3LYP,47-50 wB97XD51 and M06-2X52) were chosen for the present work. Two 
basis sets (6-31+G(d,p) and 6-311++G(d,p))53-57 along with these three functionals and 
the SMD58 polarizable continuum solvation model were used to optimize the geometries 
in aqueous solution. All the geometries were confirmed to be the minima on the 
potential energy surface by harmonic vibrational frequency calculations and had no 
imaginary frequencies. If a structure has more than one conformer; the lowest energy 
conformers was used for the pKa calculations (conformers within 1 kcal/mol have 
calculated pKa’s within 0.5 units of the lowest energy conformer). Preliminary 
calculations showed that it was difficult to optimize geometries with the larger basis set 
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(6-311++G(d,p)) when the complex involved three explicit waters. Thus only the 6-
31+G(d,p) basis set was used for optimizations with three explicit waters. 
The pK#		 for RSeH	 ⇌ 	RSe- +	H)		 is calculated using  
!"# = ∆&#'*2.303-.	 
where ∆"#$* = "#$,()*-* + "#$,-.* -	"#$,()*-* 		. The free energies of the selenols and 
selonates,	"#$,&'(-* 		 and !"#,%&'(	* 		, with thermal and entropy contributions at 298.15 K, were 
calculated directly in aqueous solution. For the proton, ∆G#$,&'* 		 is calculated as: 
∆G#$,&'* = 	G+,&', +	∆G#$,.,/0,&'* + ∆12#34	→26	 
where G",$%& = 	H"$%& -	TS",$%& 		is obtained from H",$%& = 5 2*+ = 1.48			kcal/mol and S",$%& = 26.05			cal/(mol×K). ∆G#$,&'(),*+* = 	−265.9			kcal/mol was taken from literature.59-62 ∆"#$%&	→#) = 1.89		 kcal/mol is the correction that corresponds to the change in standard 
state from 1 atmosphere to 1 mol/L. The * denotes a standard state of 1 mol/L and the o 
denotes a standard state of 1 atm. 
7.3  Result and Discussion 
The organoselenols used in this study are shown in Figure 7.1. Three functionals 
(B3LYP, wB97XD, and M06-2X) and two basis sets (6-31+G(d,p) and 6-311++G(d,p)) 
were used to optimize the geometry and calculate pKa’s in aqueous solution with SMD 
solvation model. One and three explicit water molecules were placed near the selenium 
atom forming hydrogen bonds, as shown in Figure 7.2. For the one explicit water case, 
the H atom of the water forms a hydrogen bond with the Se atom (Se---HOH) of both 
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the selenol and the selenolate. In contrast to the thiols, the Se---H-OH hydrogen bond in 
selenol is stronger than the Se-H---OH2 hydrogen bond. When there are three explicit 
water molecules, two waters form Se---HOH hydrogen bonds and the third water forms 
a SeH---OH2 hydrogen bond. For selenolate, all three water molecules form Se---H-OH 
hydrogen bonds. The arrangement of explicit water molecules around the solute has to 
be matched as closely as possible in the selenol / selenolate pair to obtain the reliable 
pKa’s. The number of hydrogen bonds must be consistent for the neutral and anionic 
form to ensure that there is no bias in the calculated energy due to a difference in the 
number of hydrogen bonds. For larger systems with distributed charges or multiple sites 
for deprotonation, this may require a larger number of explicit water molecules. 
Table 7.1 summarizes the average pKa’s and standard deviations calculated 
using the three different functionals with the 6-31+G(d,p) and 6-311++G(d,p) basis sets 
and the SMD solvation model with and without explicit waters. The pKa values 
calculated with wB97XD and B3LYP using the 6-31+G(d,p) basis set and SMD solvation 
have errors of 4-6 pKa units compared to experiment. This deviation in the calculated 
pKa’s is somewhat smaller than the 4-9 pKa unit error found for thiols calculated at the 
same level of theory in our previous study.38 The pKa values calculated with M06-2X/6-
31+G(d,p) and SMD implicit solvation have errors of only 1.39±0.43 pKa units. With the 
larger 6-311++G(d,p) basis set, the average error of calculated pKa’s changes by 1.2-
1.8 pKa units. The average deviations of the calculated pKa’s for wB97XD and B3LYP 
are still about 3-4 pKa units but the mean signed error for M06-2X is only -0.45±0.52. 
Adding one explicit water molecule hydrogen bonded to Se improves the calculated 
pKa’s by about 1-2 pKa units. This improvement is not as large as observed for the thiols 
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(about 4.5 pKa units). With one explicit water, pKa values calculated with wB97XD and 
B3LYP are still off by 2.5-4.5 pKa units compared to experiment. M06-2X with the 6-
31+G(d,p) basis set is very close to experiment, with a mean signed error (MSE) of 
-0.08±0.37, but M06-2X calculations with the 6-311++G(d,p) basis and one explicit 
water overstabilize the anion, resulting a larger deviation,  -1.51±0.52. Use of three 
explicit waters hydrogen bonded with Se changes the calculate pKa by about 3 units. 
The improvement is rather impressive for wB97XD and B3LYP with 6-31+G(d,p) basis 
set with a MSE of 0.36±0.24 and 0.34±0.25, respectively. In contrast, the average 
deviation for M06-2X becomes worse with three explicit waters (MSE = -3.59±0.45). 
Figure 7.3 shows plots of the calculated pKa’s with respect to the experimental 
values for three different functionals with the 6-31+G(d,p) basis set (for the similar plots 
with the 6-311+G(d,p) basis set, see Figure S1 of the Supporting Information of the 
original text). With SMD and no explicit waters, the slope of the linear correlation line is 
largest for B3LYP and wB97XD (1.26-1.30) whereas the slope is smaller for M06-2X 
(1.13). Both the slope and the intercept of the line improve when the pKa’s are 
calculated using one explicit water and SMD solvation. The improvement of the slope is 
greatest for wB97XD (from 1.27 to 1.08) and M06-2X (from 1.13 to 0.99). With three 
explicit waters, the slope of the line improves further and is close to 1 with zero intercept 
for B3LYP and wB97XD, but gets worse for M06-2X (from 0.99 to 1.18).  For all the 
cases discussed here, the R2 values are 0.89-0.95, indicating good correlations. The 
substantial improvement in the slope as explicit waters are added indicates that there 
are significant deficiencies in the SMD implicit solvation model for selenols / selenates, 
just as there are deficiencies in SMD solvation for thiols / thiolates.38 
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Table 7.2 summarizes the pKa’s calculated at the wB97XD/6-31+G(d,p) level of 
theory for the compounds in Figure 7.1 that have experimental values. The linear 
correlation diagram of the calculated versus the experimental pKa values is shown in 
Figure 3(b). The errors are 5.49±0.57 pKa units with SMD and no explicit waters, 
4.34±0.35 with SMD and one explicit water, and 0.36±0.24 with SMD and three explicit 
waters. For the thiols calculated at wB97XD/6-31+G(d,p) with SMD and three explicit 
waters, the MSE was -0.11±0.50.38  
Table 7.3 lists the pKa’s calculated for 14 organoselenols in Figure 7.1 that do not 
have experimental pKa’s. The table includes the three methods that yield the best 
agreement for the cases where the experimental pKa’s are known, namely M06-2X with 
one explicit water, and wB97XD and B3LYP with three explicit waters using the 6-
31+G(d,p) basis set. The pKa’s calculated with these three methods are within 2 pKa 
units with each other. For the compounds with known experimental pKa’s, the values 
calculated with M06-2X with one explicit water are often slightly lower than the 
experimental values, whereas the values calculated with the wB97XD and B3LYP 
functionals with three explicit waters are usually slightly higher. This suggests that an 
improved estimate of the pKa’s might be obtained by taking an average of the values 
calculated by the three methods. For the test set with known experimental pKa’s, these 
estimated values are close to the experimental values with a mean signed error of 
0.21±0.15 and the linear correlation line has a slope of 0.96 and R2 value of 0.98. The 
estimated pKa’s for the substituted organoselenols without experimental values are 
given in Table 7.3 along with the standard deviations. 
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7.4  Summary 
The aim of this study has been to obtain a practical method for calculating the 
pKa’s of selenols. The test set consists of 30 different organoselenols, 16 of which have 
known experimental pKa’s. The pKa’s were calculated in aqueous solution using three 
different functionals (wB97XD, B3LYP, and M06-2X) and two basis sets (6-31+G(d,p) 
and 6-311++G(d,p)) with SMD solvation and one and three explicit water molecules. 
The density functionals were selected from a larger set of functionals based on their 
performance in calculating the pKa’s of thiols in our previous study.38 Without explicit 
waters, wB97XD and B3LYP with SMD solvation had errors of 3-6 pKa units. Smaller 
errors were found for the M06-2X functional with the 6-31+G(d,p) and 6-311++G(d,p) 
basis sets (-1.39±0.43 and 0.45±0.52, respectively). However, the linear correlations for 
the M06-2X calculations with experiment had larger slopes (1.13), and nontrivial 
intercepts (0.66 and -1.16, respectively). One explicit water interacting with the selenium 
lowered the calculated pKa’s by 1-2 pKa units and improved the slope and intercept of 
the correlation with experiment. The best results for M06-2X were obtained with the 6-
31+G(d,p) basis set and one explicit water (MSE = -0.08±0.37 and MUE= 0.32±0.37).  
With one explicit water, the wB97XD and B3LYP errors were 3-4 pKa units. The best 
results for wB97XD and B3LYP were obtained with the 6-31+G(d,p) basis and three 
explicit waters. The calculated mean deviations for these two functionals are 0.36±0.24 
and 0.34±0.25, respectively, with a slope of 1.06 when the intercept is set to zero. M06-
2X/6-31+G(d,p) has much larger errors with three explicit waters (-3.59±0.45) because it 
overstabilizes the anions. The wB97XD/6-31+G(d,p) level of theory with SMD solvation 
and three explicit waters also produced best results for the substituted thiols (MSE = 
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-0.11±0.50).38 Even though this study provides a reliable method for predicting selenol 
pKa’s, this study and our previous work on pKa’s of thiols38 suggest that improvements 
in the parameterization of the SMD solvation model are necessary to obtain better 
solvation energies for thiolates and selenolates without explicit waters. 
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Figure 7.1 The organoselenols used in this study. 
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(a)
(b)
 
Figure 7.2 Arrangement of (a) one explicit water and (b) three explicit waters hydrogen 
bonded to methaneselenol and methaneselenolate 
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Figure 7.3 Linear correlation of experimental pKa’s and values calculated using three 
different functionals (a) B3LYP (b) wB97XD, and (c) M06-2X and 6-31+G(d,p) basis set 
with SMD solvation and no explicit water molecules (blue squares), one explicit water 
(red triangles), and three explicit water molecules (green dots). 
	 156 
	
Table 7.1 Averages and the Standard Deviations of the Errors in the Calculated pKa’s 
for Different Levels of Theory 
functional basis set SMD SMD + 1 water SMD + 3 waters 
wB97XD 6-31+G(d,p) 5.49±0.57 4.34±0.35 0.36±0.24 
6-311++G(d,p) 4.21±0.54 3.49±0.55 ----- 
B3LYP 6-31+G(d,p) 5.15±0.59 3.49±0.37 0.34±0.25 
6-311++G(d,p) 3.42±0.50 2.76±0.55 ----- 
M06-2X 6-31+G(d,p) 1.39±0.43 -0.08±0.37 3.59±0.45 
6-311++G(d,p) -0.45±0.52 -1.51±0.52 ----- 
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Table 7.2 Experimental pKa’s and Calculated pKa’s using wB97XD/6-31+G(d,p) Level of 
Theory for Various Organoselenols. 
structure pKa (exp)a 
SMD SMD + 1 water SMD + 3 waters 
pKa ∆pKa pKa ∆pKa pKa ∆pKa 
1 3.75 8.91 5.16 7.92 4.17 4.44 0.69 
2 4.60 9.04 4.44 8.95 4.35 5.06 0.46 
3 4.70 10.79 6.09 9.31 4.61 5.16 0.46 
4 4.74 10.63 5.89 9.09 4.35 4.95 0.21 
5 5.31 10.40 5.09 9.38 4.07 5.67 0.36 
6 5.04 9.69 4.65 8.85 3.81 5.59 0.55 
7 5.19 10.41 5.22 9.74 4.55 5.41 0.22 
8 5.21 10.44 5.23 9.66 4.45 5.79 0.58 
9 5.24b(5.43c) 11.04 5.80 9.31 4.07 5.63 0.39 
10 6.27 11.35 5.08 10.82 4.55 6.93 0.66 
11 6.60 12.39 5.79 11.32 4.72 6.72 0.12 
12 6.91 12.79 5.88 11.09 4.18 7.54 0.63 
13 7.23 13.35 6.12 11.43 4.20 7.25 0.02 
14 7.32 13.52 6.20 12.17 4.85 7.18 -0.14 
15 5.30 11.50 6.20 8.90 3.60 5.65 0.35 
16 4.94 10.00 5.06 9.76 4.82 5.17 0.23 
mean signed error (MSE) 5.49  4.34  0.36 
mean unsigned error (MSE) 5.49  4.34  0.38 
standard deviation (SD) 0.57  0.35  0.24 
aReferences 17, 23-29, b22, c25 .
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Table 7.3 Calculated pKa’s of Some of the Organoselenols with the 6-31+G(d,p) Basis 
Set and  SMD Solvation for Various Levels of Theory.	
structure 
wB97XD  
(SMD + 3 waters) 
B3LYP 
 (SMD + 3 waters) 
M062X  
(SMD + 1 water) 
best 
estimatea 
17 7.93 8.18 7.74 7.95±0.22 
18 3.39 4.43 3.02 3.61±0.73 
19 5.93 7.98 6.38 6.76±1.08 
20 4.11 5.10 4.17 4.46±0.55 
21 8.22 8.16 7.73 8.04±0.27 
22 4.08 4.86 3.67 4.20±0.60 
23 4.64 4.98 3.58 4.40±0.73 
24 4.84 4.35 3.78 4.32±0.53 
25 7.42 7.88 6.24 7.18±0.85 
26 6.88 6.34 5.68 6.30±0.60 
27 7.48 8.89 7.79 8.05±0.74 
28 8.87 8.12 7.68 8.22±0.60 
29 3.81 4.29 3.89 4.00±0.26 
30 8.33 7.27 6.76 7.45±0.80 
 
aThe best estimates are obtained by taking an average of the pKa’s calculated with the 
three different functionals. The error in best estimates is the standard deviation of three 
pKa values used to obtain the estimated value. 
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CHAPTER 8:  IMPROVED pKa PREDICTION OF SUBSTITUTED 
ALCOHOLS, PHENOLS AND HYDROPEROXIDES IN AQUEOUS 
MEDIUM USING DFT AND A CLUSTER-CONTINUUM SOLVATION 
MODEL 
8.1  Introduction  
Organic compounds with hydroxyl (–OH) and hydroperoxyl (–OOH) functional 
groups are abundant in nature. Alcohols and phenols constitute a considerable fraction 
of the building blocks in many biological systems and pharmaceutical compounds, and 
are important components in organic and inorganic synthesis.1-5 Similarly, organic 
hydroperoxides have drawn appreciable attention since they are strong oxidants and 
radical reservoirs, and play important roles in combustion, atmospheric chemistry, and 
biology.6-13 The protonation state of the oxygen in alcohols, phenols and hydroperoxides 
affects their structural and physicochemical properties.14 The extent of 
protonation/deprotonation in solution is determined by the acid dissociation constant 
(pKa). Hence, the knowledge of accurate pKa’s of alcohols, phenols and hydroperoxides 
is pivotal to understand their chemical reactivity. 
The pKa’s of a wide range of substituted alcohols and phenols have been studied 
both experimentally15-18 and theoretically19-35. Nevertheless, there are many more –OH 
containing compounds that do not have experimentally determined pKa’s. Compared to 
alcohols, there are far fewer experimental studies of the pKa’s of hydroperoxides.17, 18 To 
our best knowledge, there are no systematic theoretical studies of pKa’s of 
hydroperoxides in aqueous solution. Furthermore, pKa’s of short-lived intermediates and 
compounds in complex chemical environments are difficult to measure, despite 
technological advances in experimental techniques.36 Consequently, there is always a 
need for computational methods for estimating pKa’s.  
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On the theoretical side, considerable effort has been dedicated to predicting the 
pKa’s of alcohols and phenols from first principles.19-34 One of the biggest challenges in 
computing free energies in solution, particularly in water, is accurately incorporating 
solvation effects for the neutral and ionic species involved in proton-transfer 
processes.37-40 While the use of explicit solvent can provide an accurate description of 
solute-solvent interactions and dynamics, such calculations are still expensive for 
chemically interesting systems.37-43 A more cost effective alternative is to use a 
continuum solvation model such as COSMO, PCM, SMx (x=1-8) or SMD, where the 
solvation effects are modeled with a dielectric medium. For example, Shields and co-
workers have been quite successful in calculating pKa’s of a number of carboxylic acids 
and substituted phenols using various thermodynamic cycles to combine gas-phase 
CBS and Gn energy differences with CPCM solvation.34, 44, 45 However, implicit solvation 
models do not incorporate specific short-range solute-solvent interactions such as 
hydrogen bonding.37-43, 46, 47 The necessity of explicitly addressing such solute-solvent 
interactions is particularly important in pKa calculations to achieve chemical accuracy 
(∆pKa £ 1 with respect to experiment).37-40, 46, 47  
Usually, the error introduced by using implicit solvation in calculated free 
energies is quite systematic within a class of chemical compounds (e.g. alcohols, 
thiols).38-41, 46, 47 Hence, several research groups have successfully tackled the short-
comings of implicit solvation by using linear fits of computed deprotonation energies to 
the pKa’s for a large group of molecules. For example, Muckerman et al. have recently 
explored the correlation between the calculated pKa’s for a number of organic alcohols 
and demonstrated that implicit-only solvation has a systematic error which can be 
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corrected by using the linear fit equation.33  Many other researchers have also 
calculated the pKa’s of alcohols and phenols using the linear-fit methods.23-30 The linear 
regression equations can then be used to predict pKa’s of unknown compounds within 
chemical accuracy.38-41, 46, 47 However, different linear-fit equations are required for 
compounds with different functional groups, sometimes even for compounds within the 
same class.29, 38 For example, the pKa’s of protonated aromatic amine vs aliphatic 
amines require different linear regression equations to obtain reliable pKa’s despite 
having same –NH3+ protonated group.29, 32 Furthermore, a fairly large set of compounds 
with accurate experimental pKa’s distributed over a sufficiently wide range is required to 
obtain a reliable linear-fit equation. Because of a lack of experimental data to calibrate 
the correlations, it may not be possible to develop suitable linear fits for all groups of 
interest. 
The importance of including explicit solvent molecules while calculating solvation 
free energies of charged species such as oxy-anions has been discussed in the 
literature38, 39 and pursued by many researchers.19-23 Some pKa studies included explicit 
solvent molecules only for the charged species19, 20, 31 while the others21-23 included 
explicit water molecules for both the hydroxyl (–OH) and oxy-anion (–O-). Eckert et al.22 
used the BP/TZPV level of theory with the COSMO-RS implicit solvation model and 
added up to two explicit water molecules to calculate the pKa’s of a variety of organic 
compounds, including 5 alcohols. Their study showed that the slope of the linear free 
energy regression (LFER) correlation between the experimental pKa’s and the 
calculated free energy change could be systematically improved by including explicit 
waters. However, the authors concluded that the performance of the method was not 
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general enough to be used for everyday production work. Zhang23 computed the pKa’s 
of some aliphatic alcohols, substituted phenols and carboxylic acids by including 0, 1 
and 2 water molecules along with the COSMOS solvation model. Despite the use of 
explicit waters forming hydrogen bonds, the study still needed to use a linear fit for 
calculating pKa’s, and argued that including explicit waters deteriorates the accuracy of 
the computed pKa’s. Cunningham et al.21 employed an implicit-explicit solvation 
approach, similar to the present study, to calculate absolute pKa values for substituted 
phenols with B3LYP/6-31+G(d) method and PCM solvation. They used up to four 
explicit water molecules forming hydrogen bonds with OH group of phenol and O– of 
phenolate along with the PCM solvation model to calculate pKa’s in aqueous medium. 
Compared to the pKa’s calculated with PCM only, including 1 and 2 explicit waters 
improved the calculated pKa’s significantly. The authors proposed a model to calculate 
pKa’s of substituted phenols that include an empirical correction factor of -1.4 in addition 
to two explicit water molecules and PCM solvation. They also reported that with more 
than three explicit water molecules, the calculated pKa’s had errors larger than the 
values calculated with PCM solvation with no explicit water. However, the study did not 
offer any further explanation about such unexpectedly large deviations (mean deviation 
> 5) in calculated pKa’s with more than 3 explicit water molecules.  
In the present study, we have calculated the pKa’s of alcohols, phenols and 
hydroperoxides in aqueous solution from first principles. In previous publications48-50, we 
have shown that the systematic error in calculated free energies attributable to the 
implicit solvation model can be significantly reduced by incorporating a small number of 
explicit solvent molecules. We have used this protocol to calculate the pKa’s of 
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nucleobases and a wide range of substituted thiols and selenols within chemical 
accuracy. These studies suggest that the pKa’s of compounds without experimentally 
measured pKa’s can be predicted within chemical accuracy via a careful selection of 
DFT methods and appropriate number of explicit water molecules without fitting any 
linear equations. In this study, we aim to extend this protocol to compute the pKa’s of 
chemically interesting, and biologically as well as pharmaceutically important alcohols, 
phenols and hydroperoxides. As in our previous chapters, the free energy of 
deprotonation is calculated by a direct approach using the SMD solvation model with 
and without explicit water molecules. We believe that this study provides a systematic 
way to calculate the pKa's of a wide range of alcohols, phenols and hydroperoxides. 
8.2  Computational Methods 
Calculations were performed with the development version of the Gaussian 
series of programs.51 A total of 72 organic compounds were used in this study: 17 
organic alcohols, 25 phenols (Error! Reference source not found.), all with 
experimentally measured pKa’s and 30 hydroperoxides (Scheme 8.2), 6 with 
experimentally measured pKa values. The compounds were selected based on their 
practical relevance, structural variance, availability of accurate experimental pKa’s and 
the range of the pKa’s. Geometries were optimized using three hybrid density functional 
theory methods (B3LYP52-55, wB97XD56, and M06-2X57) with two basis sets (6-
31+G(d,p) and 6-311++G(d,p))58-62 in aqueous solution with the SMD43 implicit solvation 
model. Geometries were verified to be the minima on the potential energy surface by 
computing harmonic vibrational frequencies and confirming the absence of imaginary 
frequencies. The effect of explicit waters on the calculated pKa’s was accessed by 
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including one and three explicit water molecules directly hydrogen-bonded to the site 
being protonated/deprotonated. The arrangement of water near 
protonation/deprotonation site is shown in Error! Reference source not found.. For 
the alcohols, phenols and hydroperoxides with one explicit water, OH group provides a 
H atom to form a hydrogen bond with the O of the explicit water molecule (R–OH----OH2 
or R–OOH----OH2) while in the deprotonated form the O– forms a hydrogen bond with 
the H atom of the explicitly placed water molecule (e.g. R–O–----H–OH). When there are 
three explicit water molecules near OH group, the O of one of the three water molecules 
accepts H from OH group of R–OH and other two donate H to form three hydrogen 
bonds (i.e. one R–OH----OH2 and two R–O–----H–OH hydrogen bonds). In the 
deprotonated form, R–O– forms a hydrogen bond with one hydrogen atom from each of 
the three explicit water molecules (R–O–----H–OH). The arrangement of explicit water 
molecules near the R–OH / R–O– were kept as consistent as possible to avoid any 
conformational bias that may result unsystematic contributions to the calculated free 
energy (e.g. avoiding extraneous hydrogen bonds with neighboring groups on the 
molecule). Conformers with the energy difference within 1 kcal/mol are found to have 
pKa’s within about 0.5 units. For the molecule possessing more than one stable 
conformer, the one with the lowest energy was used in the final calculations.   
The !"# 		 for a reaction ROH ⇌ RO- + H' 		 is given by, 
!"# = 	 ∆'#(*2.303	./ = '#(,12-* + '#(,56* -	'#(,125* 	2.303	./ 	 
where  !"#,%&'* 			 and !"#,%&-* 		 are the standard free energy of protonated and 
deprotonated species in the aqueous medium, respectively. The free energy of a proton 
in aqueous solution is calculated as 
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!"#,%&* = 	!%&,*+ +	∆!%&,"#* +	∆!."/0⟶.2 	 
where,			 !",$%& 		 = !",$%& -()",$%& 		 is the gas phase free energy of the proton at 298.15 K 
obtained by using !",$%& = 	5*+ 2 = 1.48	1234/674		 and !",$%& = 	26.05	./0/(340•5)		. ∆"#$,&'* 		= 265.9 kcal/mol is the aqueous phase solvation free energy of the proton, taken 
from the literature.20, 42, 63, 64 ∆"#$%&⟶#( = *+	-./ 24.4 = 1.89	678-/:.-		 is a correction 
term for the change in standard state of 1 atm to 1 mol/L. The symbols * and o denote 
the standard state of 1 mol/L and 1 atm, respectively. 
8.3  Result and Discussion 
The pKa’s of 17 alcohols, 25 phenols, and 30 hydroperoxides have been 
investigated using three hybrid DFT functionals (B3LYP, wB97XD, and M06-2X) and 
two basis sets (6-31+G(d,p) and 6-311++G(d,p)) with the SMD solvation model. The 
experimentally known pKa’s of organic alcohols and phenols ranges from 5 to 16. Only 6 
of the 30 hydroperoxides used in this study have experimentally measured pKa’s and 
the range is from 5 to 10. The effect of hydrogen-bonded water molecules on the 
calculated pKa’s has been assessed by including one and three explicit water molecules 
coordinated to the R–OH/R–O- group.  
Table 8.1 summarizes the calculated pKa errors for the alcohols, phenols and 
hydroperoxides using various functionals with SMD solvation with 0, 1 and 3 explicit 
water molecules. The error in the calculated pKa’s using SMD solvation with no explicit 
water molecules is rather large. For B3LYP and M06-2X, the mean unsigned error 
(MUE) is 6.4-6.6 pKa units while the MUE is even larger for wB97XD (∆pKa ~8). The 
magnitudes of these errors are similarly to errors calculated for thiols reported in our 
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previous study.50 Using a larger basis set has only a small effect on the calculated pKa’s 
(improves the pKa’s by only about 0.1-0.2 pKa units). When one explicit water is 
included along with SMD solvation, the MUE becomes smaller by about 3 pKa units. For 
B3LYP and M06-2X, the inclusion of one water brings the calculated error close to 3 
pKa units while the error for wB97XD is still higher than 5 pKa units. Even though there 
is substantial improvement in the calculated pKa’s, the error is still significantly higher 
than chemical accuracy (∆pKa less than 1 unit). The improvement in the computed pKa’s 
is greater when three explicit water molecules are included. For B3LYP/6-31+G(d,p), 
the mean signed error (MSE) is calculated to be –0.21 pKa units with a standard 
deviation (SD) of 0.49 (MUE = 0.44±0.49). B3LYP with the larger 6-311++G(d,p) basis 
set brings the MSE to –0.02 with SD = 0.55 (MUE = 0.45 ± 0.55). It is interesting to see 
that while wB97XD was quite good for predicting pKa’s of thiols (MSE = -0.11 ± 0.50) 
and selenols (MSE = 0.36 ± 0.24)49, 50, it is found to have a MSE of 0.96±0.55 pKa units 
with three explicit water molecules and 6-31+G(d,p) basis set. With three explicit waters 
along with SMD solvation, M06-2X is found to slightly over-stabilize the anionic form of 
alcohols, phenols and hydroperoxides (MSE = -1.19±0.53). However, the calculated 
MSE using the M06-2X/6-31+G(d,p) is significantly better than for thiols (MSE = -
3.59±0.45) and selenols (MSE = -3.21±1.04). It is very gratifying to see that with three 
explicit waters and SMD solvation, the mean unsigned error (MUE) for all the three 
functionals and two basis sets used in this study ranges from 0.4 to 1.4 pKa units (MSE 
from -1.4 to 1.0 pKa units), indicating that an accuracy of ±1.5 pKa units could be 
achieved by using any of the functionals and basis sets used in this study. 
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Figure 8.2 shows the linear correlation between the experimental pKa’s and the 
values calculated by B3LYP/6-311++G(d,p) for the alcohols, phenols and 6 of the 
peroxides. As shown in Figure 8.2, there is a good correlation between the experiment 
and computed pKa’s (with and without explicit water molecules) with the linear 
regression coefficients (R2) of 0.97. The linear fits for zero, one and three explicit water 
molecules have slopes of 1.81, 1.37 and 1.00, respectively. For SMD without explicit 
waters, the slope of the linear fit line is significantly larger than the theoretical value of 
1.0. Including one explicit water improves the slope by 0.4. Including three explicit 
waters improves the slope by an additional 0.4, for a total of 0.8 compared to the slope 
for implicit-only. Zhang also observed similar improvements in the slope of the linear fit 
when 1 and 2 explicit waters were included.32 The improvement in the MUE is 
proportional to the improvement in the slope. 
A list of experimental pKa’s along with the calculated values at B3LYP/6-
311++G(d,p) level of theory using SMD implicit solvation model with and without explicit 
water molecules are presented in Table 8.2. The pKa's calculated with only implicit 
solvation model have large errors (MSE = 6.34±2.41). The errors become smaller when 
one explicit water is included in the calculation (MSE = 3.65±1.27). When three explicit 
water molecules are included, the calculated pKa’s are very close to the experimental 
values (MSE = –0.02±0.55). The scatter in the calculated pKa’s also improves 
significantly from SD = 2.41 for SMD solvation only to SD = 0.55 for SMD solvation with 
three explicit water molecules. The largest positive and negative errors are 1.08 and –
1.31, respectively. 
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Table 8.3 shows a list of estimated pKa values for various organic 
hydroperoxides with B3LYP/6-311++G(d,p) and wB97XD/6-311++G(d,p) with SMD 
solvation and three explicit water molecules. The results for other methods with 0, 1 and 
3 explicit waters in SMD solvation are given in the Supporting Information. For the 6 
hydroperoxides with experimentally measured pKa’s, the errors in the values calculated 
with SMD solvation and no water molecule are larger than 5 pKa units. Including one 
explicit water reduces the error by 2-2.5 pKa units. As in the case of alcohols and 
phenols, including three explicit waters further reduces the error by about 3 pKa units. It 
would be desirable to have more experimental data to see if this holds for a boarder, 
more representative test set. In keeping with the pKa’s calculated for alcohols and 
phenols, the values calculated with B3LYP/6-311++G(d,p) using SMD and three explicit 
waters have slightly smaller errors (MUE=0.68) than those calculated with B3LYP/6-
31+G(d,p) (MUE = 1.04). With wB97XD and SMD plus three explicit waters, the 
calculated MSE are 0.41 and 0.46 pKa units for the 6-31+G(d,p) and 6-311++G(d,p) 
basis sets, respectively. The pKa’s estimated with SMD and 3 explicit waters are found 
to be a little smaller than the experimental values with B3LYP/6-311++G(d,p) (MSE = –
0.68) and a bit larger with wB97XD/6-311++G(d,p) (MSE = 0.46). This suggests that 
better estimates of the pKa’s for the hydroperoxides without experimentally measured 
values can be obtained by taking an average of the values calculated with these two 
methods (see Best Estimate column in Table 8.3). 
8.4  Summary 
This study presents a reliable protocol for calculating the pKa’s of organic 
alcohols, phenols and hydroperoxides in aqueous solution. A total of 72 compounds 
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were calculated, including 17 alcohols and 25 phenols with experimentally known pKa’s 
and 30 hydroperoxides (6 with experimentally known pKa’s). Three hybrid DFT 
functionals (B3LYP, wB97XD and M06-2X) with two different basis sets (6-31+G(d,p) 
and 6-311++G(d,p)) and SMD implicit solvation with 0, 1 and 3 explicit waters were 
used to calculate the pKa’s. The pKa’s of the alcohols, phenols and peroxides calculated 
with only implicit solvation have large errors (greater than 6 pKa units), and have a large 
slope and intercept in the experimental vs calculated linear correlations. Including one 
explicit water forming a hydrogen bond reduces the error by about 3 pKa units and 
improves the slope and intercept; however, the calculated values are still far from 
chemical accuracy (MSE > 3 pKa units). Three explicit water molecules with SMD 
solvation improves the calculated pKa’s by an average of 7 pKa units compared to the 
SMD only results. With 3 explicit waters, the B3LYP functional performs the best. The 
MSE for the B3LYP/6-31+G(d,p) method is only –0.21±0.49 which is improved slightly 
by using a larger basis set (MSE = –0.02±0.55 for 6-311++G(d,p)). This study suggests 
that B3LYP with a reasonable basis set and SMD solvation model with three explicit 
waters can be used to calculate reliable pKa’s for alcohols, phenols and peroxides. The 
mean signed error in the pKa’s calculated with the wB97XD functional is 1.0 pKa units 
while for M06-2X the MSE is –1.2 to –1.4 units. It is very rewarding to see that with 
three explicit waters and SMD solvation, the error for all the three functionals and two 
basis sets used in this study ranges from 0.4 to 1.4 pKa units for MUE and –1.4 to 1.0 
pKa units for MSE. This indicates that an accuracy of ±1.5 pKa units can be achieved 
with any of the functionals and basis sets used in this study. However, care must be 
taken in placing the explicit water molecules to avoid any unsystematic energy 
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contributions. We believe that this study provides a well-defined and reliable method for 
predicting the pKa 's of alcohols, phenols and hydroperoxides with reasonable chemical 
accuracy and a low computational cost. 
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Scheme 8.1 Organic alcohols and phenols considered in this study. 
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Scheme 8.2 Organic hydroperoxides considered in this study. 
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Figure 8.1. The arrangement of explicit water molecules near the OH and O– groups in 
(a) alcohols, (b) phenols, and (c) hydroperoxides.  
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Figure 8.2 Linear correlations of experimental pKa’s and calculated pKa’s using the 
B3LYP/6-311++G(d,p) level of theory with SMD solvation model with no explicit water 
(red circles), one explicit water (blue triangle) and three explicit waters (green square). 
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Table 8.1 Averages and Standard Deviation of Errors in Calculated pKa's for Alcohols, 
Phenols and Hydroperoxides 
Functional Basis Set 
∆pKa = pKa, calculated – pKa, experiment 
SMD SMD + 1 water SMD + 3 waters 
B3LYP 
6-31+G(d,p) 6.62±2.41 3.68±1.05 –0.21±0.49 
6-311++G(d,p) 6.43±2.41 3.65±1.27 –0.02±0.55 
wB97XD 
6-31+G(d,p) 8.12±2.33 5.45±1.16 0.96±0.55 
6-311++G(d,p) 7.85±2.38 5.39±1.23 0.95±0.72 
M06-2X 
6-31+G(d,p) 6.46±2.32 3.23±0.72 –1.19±0.53 
6-311++G(d,p) 6.23±2.55 3.12±0.98 –1.40±0.63 
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Table 8.2 Experimental pKa’s and Calculated pKa’s Using the B3LYP/6-311++G(d,p) 
Level of Theory for Substituted Alcohols and Phenols. 
S.
N. Compound 
pKa 
(exp)a 
0 water 1 water 3 waters 
pKa ∆pKa pKa ∆pKa pKa ∆pKa 
1 CH3OH 15.54 24.98 9.44 20.42 4.88 14.88 –0.66 
2 CH3CH2OH 15.90 25.25 9.35 20.75 4.85 15.84 –0.06 
3 CH3CH2CH2OH 16.10 25.38 9.28 21.35 5.25 16.06 –0.04 
4 (CH3)2-CH-OH 17.10 25.77 8.67 21.46 4.36 17.40 0.30 
5 (CH3)3-C-OH 16.00 26.36 10.36 21.57 5.57 16.91 0.91 
6 CH2CHCH2OH 15.52 24.27 8.75 20.40 4.88 15.77 0.25 
7 HOCH2CH2 CH2 OH 15.10 24.86 9.76 19.97 4.87 15.66 0.56 
8 CH2(OH)CH2CH2CH2OH 15.10 25.09 9.99 20.91 5.81 14.62 –0.48 
9 CH2(OH)CH2CH(OH)CH3 14.90 24.94 10.04 21.21 6.31 15.98 1.08 
10 CH3OCH2CH2OH 14.80 23.58 8.78 19.93 5.13 15.63 0.83 
11 HCCCH2OH 13.55 21.61 8.06 18.07 4.52 13.67 0.12 
12 CF3CH2OH 12.43 18.58 6.15 15.99 3.56 11.85 –0.58 
13 CCl3CH2OH 12.02 17.63 5.61 14.96 2.94 11.61 –0.41 
14 CF3C(CH3) 2OH 11.60 19.27 7.67 16.49 4.89 11.76 0.16 
15 C6H5-CH2OH 15.40 24.31 8.91 19.87 4.47 16.07 0.67 
16 C6H11OH 16.84 26.37 9.53 21.25 4.41 17.57 0.73 
17 C6H5-CH(OH)-C6H5 13.54 22.68 9.14 19.25 5.71 14.03 0.49 
Phenols 
  
  
  
  
  
  
  
  
18 H– 9.98 14.43 4.45 12.57 2.59 9.77 –0.21 
19 m-NH2– 9.87 15.11 5.24 13.02 3.15 10.31 0.44 
20 p-NH2– 10.30 16.37 6.07 14.05 3.75 10.73 0.43 
21 m-CH3– 10.08 14.87 4.79 12.71 2.63 9.20 –0.88 
22 p-CH3– 10.14 15.23 5.09 13.21 3.07 9.51 –0.63 
23 m-HO– 9.44 14.09 4.65 12.30 2.86 9.05 –0.39 
24 p-HO– 9.96 15.57 5.61 13.44 3.48 10.17 0.21 
25 m-Cl– 8.78 12.55 3.77 11.03 2.25 9.02 0.24 
26 p-Cl– 9.14 13.32 4.18 11.63 2.49 9.10 –0.04 
27 m-CH3O– 9.65 14.38 4.73 12.52 2.87 9.45 –0.20 
28 p-CH3O– 10.20 16.25 6.05 13.54 3.34 10.69 0.49 
29 m-CHO– 8.00 12.80 4.80 11.19 3.19 8.16 0.16 
30 p-CHO– 7.66 9.50 1.84 8.57 0.91 7.15 –0.51 
31 m-CH3S– 9.53 13.96 4.43 12.29 2.76 9.36 –0.17 
32 p-CH3S– 9.53 14.50 4.97 13.03 3.50 10.21 0.68 
33 m-CN– 8.57 11.99 3.42 10.53 1.96 7.97 –0.60 
34 p-CN– 7.95 10.25 2.30 9.17 1.22 6.64 –1.31 
35 m-HOCH2– 9.82 14.18 4.36 12.80 2.98 9.96 0.14 
36 p-HOCH2– 9.83 14.98 5.15 13.26 3.43 9.42 –0.41 
37 m-C6H5– 9.59 14.29 4.70 12.32 2.73 9.73 0.14 
38 p-C6H5– 9.51 13.83 4.32 12.34 2.83 8.85 –0.66 
39 m-COO– 9.94 14.98 5.04 12.78 2.84 9.75 –0.19 
40 p-COO– 9.39 13.75 4.36 12.20 2.81 9.31 –0.08 
41 m-CH3CO– 9.19 13.63 4.44 11.47 2.28 8.51 –0.68 
42 p-CH3CO– 8.05 10.46 2.41 9.63 1.58 7.28 –0.77 
  mean signed error (MSE) 6.34   3.65   –0.02 
  mean unsigned error (MUE) 6.34   3.65   0.45 
  standard deviation (STDEV) 2.41   1.27   0.55 
Ref15-18 
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Table 8.3 Calculated pKa's of Some Substituted Organic Hydroperoxides with the 
B3LYP/6-311++G(d,p) and wB97XD/6-311++G(d,p) Levels of Theory and SMD 
Solvation with Three Explicit Waters. 
S. N. pKa (exp) 
B3LYP/6-311++G(d,p) wB97XD/6311+G(d,p) Best Estimateb 
pKa ∆pKa pKa ∆pKa pKa ∆pKa 
1 11.6 10.29 –1.31 12.16 0.56 11.23 –0.37 
2 11.5 11.22 –0.28 11.88 0.38 11.55 0.05 
3 11.8 11.34 –0.46 12.22 0.42 11.78 –0.02 
4 11.8 10.60 –1.20 12.85 1.05 11.73 –0.07 
5 12.8 12.56 –0.24 12.93 0.13 12.74 –0.06 
6 12.8 12.22 –0.58 13.05 0.25 12.63 –0.17 
7   11.11   12.58   11.84±1.04 
 8   10.54   11.99   11.27±1.02 
 9   6.53   8.53   7.53±1.42 
 10   8.42   10.37   9.40±1.37 
 11   6.38   8.74   7.56±1.80 
 12   7.20   9.74   8.47±1.80 
 13   11.41   12.96   12.19±1.09 
 14   11.46   12.09   11.77±0.45 
 15   11.51   12.45   11.98±0.67 
 16   11.57   13.24   12.40±1.18 
 17   10.41   12.50   11.45±1.48 
 18   11.37   11.26   11.31±0.08 
 19   8.89   9.92   9.40±0.72 
 20   8.34   9.68   9.01±0.94 
 21   11.64   11.73   11.68±0.07 
 22   12.59   13.92   13.26±0.94 
 23   11.92   12.17   12.04±0.18 
 24   9.09   10.05   9.57±0.68 
 25   11.36   12.25   11.80±0.63 
 26   9.44   10.43   9.94±0.70 
 27   8.09   9.84   8.97±1.24 
 28   6.47   7.32   6.89±0.60 
 29   11.66   13.31   12.49±1.16 
 30   7.91   9.44   8.68±1.08 
 mean signed error (MSE) -0.68 
 
0.46 
 
–0.11 
mean unsigned error (MUE) 0.68 
 
0.46 
 
0.12 
standard Deviation 
(STDEV) 
0.46 
 
0.32 
 
0.15 
Ref18, baverage of the pKa values calculated with B3LYP/6-311++G(d,p)  and 
wB97XD/6-311++G(d,p) with SMD solvation and three explicit waters 
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CHAPTER 9:  COMPUTATIONAL STUDY OF THE RADICAL MEDIATED 
MECHANISM OF THE FORMATION OF C8, C5 AND C4 
GUANINE:LYSINE  ADDUCTS IN PRESENCE OF THE 
BENZOPHENONE PHOTOSENSITIZER 
Reproduced with permission from Chem. Res. Toxicol. 2016, 29, 1396–409 
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9.1  Introduction 
DNA-protein crosslinks, DPCs, are common structural modifications that may 
affect the functions of DNA. These structural and/or functional modifications are 
generally accepted to be a major problem and can cause deleterious biological effects 
such as cellular aging, mutagenesis and carcinogenesis.1-5 DPCs are a common 
outcome of oxidatively generated damage of DNA and are formed under a wide range 
of conditions. The potential diversity of intermediate structures and reaction 
mechanisms could be the reason that DPC formation is the least understood DNA 
lesion despite being an abundant and significant type of DNA damage. Hence it is 
highly desirable to develop a molecular level understanding of the chemical structures 
and mechanisms involved in DPC formation. 
Because guanine has the lowest reduction potential among the DNA 
nucleobases, it is usually considered the first target of oxidatively generated damage to 
DNA.4-8 Oxidation of guanine has been established to occur even in the presence of 
mild oxidative environments,  and results in products such as 8-oxo-7,8-dihydroguanine 
(8-oxoG), spiroiminodihydantoin (Sp), guanidinohydantoin (Gh) and imidazolone (Iz). 
Numerous experimental studies over the last four decades have explored the formation 
of protein crosslinks with isolated nucleobases as well as single and double stranded 
DNA.7, 9-29 A wide range of amino acids including lysine, histamine, and arginine have 
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been found to form crosslinks with purine and pyrimidine bases in the presence of 
different oxidizing agents. Formation of DPCs has been observed in cellular DNA 
exposed to various chemical oxidizing agents such as hydroxyl radicals, singlet oxygen, 
sulfate radicals, carbonate radicals, organic carcinogens such as aldehydes, 
carcinogenic metal ions such as Ni(II), Cr(VI), Fe(II), Fe(III) bleomycin, Ir(IV), ionizing 
radiation, UV light, and visible light with photosensitizers. Oxidation of nucleobases or 
protein residues produces electrophilic species which can then react with the 
nucleophilic groups to form crosslinks. The nature of the DPCs formed depends on the 
type of oxidizing agent.24 Morin and Cadet13 developed a model system with lysine 
tethered to the sugar of 2’-deoxyguanosine that readily forms a lysine:guanine crosslink 
at C8 of guanine when oxidized by triplet benzophenone.  In the presence of strong 
oxidizing agents such as HOCl, ONOO- and other one electron oxidants, Burrows and 
coworkers found that a covalent crosslink can be formed between C5 of 8-oxoG and the 
lysine side chains in single strand binding protein.19 Perrier et al. observed the formation 
of a lysine:guanine crosslink at C8 of guanine upon one electron oxidation via riboflavin-
mediated photosensitized oxidation of TGT oligonucleotide and trilysine.21 Burrows and 
coworkers24 have studied the formation of C5 and C8 crosslinks between 2’-
deoxyguanosine and lysine in the presence of a range of oxidizing agents such as type I 
and type II photosensitizers, sulfate radical and Ir(Cl)62-, and have shown that the 
distribution of the final crosslinked products depends on the nature of the oxidizing 
agents. They have also examined the product profiles for the reaction of ammonia with 
guanine in the presence of a number of different oxidants.30 Using riboflavin sensitized 
oxidation, Silerme et al.28 demonstrated that the formation of C8 polyamine:guanine 
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crosslinks in double stranded DNA was more efficient than the addition of water to form 
8-oxoG.  
Computational and experimental studies on C-8 adducts of guanine have been 
reviewed recently.31 Compared to the extensive experimental investigations, there are 
only a limited number of computational studies related to Guanine:Lysine  crosslinks.32, 
33 Jena and Mishra compared the gas phase stabilities of non-covalently bound 
Guanine:Lysine  complexes in different charge states using density functional and 
Møller-Plesset perturbation theories.32 Their study showed that the spin and charge in a 
Guanine:Lysine  radical cation complex were concentrated on the guanine subunit, 
which is consistent with the experimental observation that the ionization potential of 
guanine is lower than that of lysine.34, 35 The addition of ammonia to oxidized guanine 
forming 8-aminoguanine has been studied both computationally36 and experimentally.30 
To the best of our knowledge, a full computational study of potential mechanisms for 
covalent Guanine:Lysine  crosslink formation has not been reported yet.   
Benzophenone is a type I photosensitizer37 commonly used in photochemical 
studies, and was one of the oxidants used by Burrows and coworkers in their study of 
Guanine:Lysine  crosslink formation.24 On excitation to the triplet state, benzophenone 
can oxidize nucleobases by abstracting a hydrogen atom or by proton coupled electron 
transfer (PCET).38-40 The present study explores potential mechanisms for the formation 
of Guanine:Lysine  crosslinks in the presence of triplet benzophenone (3BP) in aqueous 
solution near the physiological pH. Under the conditions employed by Burrows and co-
workers24 (benzophenone, continuous irradiation at 365 nm for 20 hours), triplet 
benzophenone could act as the oxidant for all four oxidation steps.  Similarly, in the 
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investigation by Perrier et al.21 (riboflavin, a type I photosensitizer, irradiation by a 
halogen lamp for 30 minutes), all four oxidation steps could be mediated by riboflavin.  
Shafirovich and coworkers, Ravanat, Cadet and coworkers have undertaken detailed 
studies of guanine oxidation and the formation of thymine and uracil crosslinks with 
guanine.41-51 In these studies, small quantities of oxidant were generated by photolysis 
with short laser pulses, resulting in localized one electron oxidation of guanine.  This 
may be more relevant to in vivo conditions where oxidation by strong chemical oxidants 
would be isolated events.  At low pH, water adds rapidly to guanine radical cation to 
form 8-hydroxy-7,8-dihydroguanyl radical (8OHGrad); at higher pH, guanine radical 
cation can deprotonate and water adds more slowly, allowing other reactions such as 
guanine-thymine crosslinks to dominate.49, 50 The second oxidation of 8OHGrad to form 
8-oxoG can occur readily with O2.52 The generation of additional oxidants leads to the 
preferential oxidation of 8-oxoG43 and subsequent formation of products such as Sp, Gh 
and Iz. Rate constants are available for many of the initial oxidation steps.41, 42, 50, 53-55 
Labeling studies show that the additional oxygen in 8-oxoG comes from water in 
riboflavin photosensitized oxidation of guanine.52 Likewise, when IrCl62- is used to 
oxidize 8-oxoG, the additional oxygen in Sp and Gh comes from water.56 However, 
when carbonate radical anion is the oxidant, the additional oxygens come from 
carbonate radical.46 In previous work, we have used density functional theory to explore 
pathways for oxidation of guanine to form Sp and Gh, and to calculate the pKa’s and 
reduction potentials of intermediates in the oxidation of guanine. 57-63 In the present 
computational study, we have examined various pathways for the formation of C8, C5 
and C4 Guanine:Lysine  crosslinks resulting from nucleophilic addition of lysine and 
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water to oxidized forms of guanine. Since one of the goals of the present study is to 
understand the distribution of products seen by Burrows and co-workers, 3BP is used as 
the oxidant, but oxidation by O2 and O2- have also been examined for the appropriate 
steps. Lowest energy pathways have been considered based on the calculation of 
pKa’s, reduction potentials, changes in free energy and reaction barriers.  The formation 
of various DPCs agrees relatively well with reported experimental findings. 
9.2  Method            
Calculations were performed with the GAUSSIAN series of codes.64 Geometries 
were optimized with B3LYP65, 66 density functional theory using the 6-31+G(d,p)67-69 
basis set with the SMD70 implicit solvation method to model aqueous solution. 
Vibrational frequency calculations were used to check that optimized geometries were 
minima or transition states on the potential energy surface. Transition states had only 
one imaginary frequency and had a transition vector leading from reactants to products. 
While B3LYP calculations sometimes underestimate barriers by a few kcal/mol, test 
calculations on the addition of H2O and CH3NH2 to guanine radical show that the B3LYP 
barriers are within about 2 kcal/mol of those calculated with wB97XD. In key reactions, 
intrinsic reaction coordinate (IRC) calculations 71, 72 were used to validate the connection 
of the transition state with the appropriate reactants and products. Thermal corrections 
for enthalpies were calculated by standard statistical thermodynamic methods using the 
unscaled B3LYP frequencies and the ideal gas / rigid rotor / harmonic oscillator 
approximations. To obtain higher accuracy, single point energies were calculated at the 
B3LYP/aug-cc-pVTZ73 level of theory using the B3LYP/6-31+G(d,p) geometries 
optimized in solution. For each species, the enthalpy in solution is the sum of the 
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electronic energy calculated at SMD/B3LYP/aug-cc-pVTZ//SMD/B3LYP/6-31+G(d,p), 
zero point energy (ZPE) at SMD/B3LYP/6-31+G(d,p) and thermal corrections at 
SMD/B3LYP/6-31+G(d,p).  The numbering of the atoms in guanine is shown in Scheme 
9.1. 
Scheme 9.1 Atomic numbering for purine nucleobases 
 
The pKa and reduction potential calculations were performed as needed along 
each reaction pathway.  For a reaction involving deprotonation, 
 BH($%) ⇌ B $%- +	H($%)+ 		 (1) 
the pKa is given by 
 pK# = ∆G'()*+,(#.)2.303	RT 		 (2) 
where ∆G#$%&'((*+)		 is the change in Gibbs free energy in solution for the deprotonation 
reaction, R and T are the gas constant (1.987 cal K-1mol-1) and temperature, 
respectively. The change in Gibbs free energy in solution for a deprotonation reaction is 
given by: 
 ∆G#$%&'((*+) = G.(/0)- + G3(/0)4 -G.3(/0) 		 (3) 
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The Gibbs free energy for protonated (G"#(%&) 		) and deprotonated species (G#($%)- )		 in 
solution can be obtained from optimization and single point energy calculations in 
solution. G"($%)' 		, the solution phase Gibbs free energy of the proton can be expressed as: 
 G"($%)' = G"())'** + ∆G-./0→-2 + ∆G"($%)'* 		 (4) 
Here, G"($)&' 		, the gas phase standard free energy of the proton, is equal to -6.287 kcal/mol 
at 298 K This value is derived from G"($)&' = H"($)&' -TS(-)' 		 with H"($)&' = 5 2 RT		 = 1.48 kcal/mol 
and S(#)% 		 = 26.05 cal/mol.74, 75 ∆G#$%&→#(		 is the correction for the change in free energy 
from the standard state of 1 atm to 1 M and is equal to 1.89 kcal/mol. ∆G#(%&)(* 		, the 
solvation energy of proton, is equal to -265.9 kcal/mol and is taken from the literature.76-
79 Superscripts (o) and (*) represent the standard state in gas and solution phase, 
respectively. 
The standard reduction potential for a reaction is calculated by: 
E"#$,('()* = - ∆G"#$, '(*nF -SHE	 
Where ∆G*red,(aq) is the free energy change for the reduction reaction in solution, F is the 
Faraday constant (23.06 kcal/mol), n is the number of electrons involved in the reaction 
and SHE is the absolute potential of the standard hydrogen electrode in an aqueous 
solution and is estimated to be 4.281 V.77, 78, 80  
9.3  Results and Discussion 
The formation of Guanine:Lysine  crosslinks during oxidation by triplet 
benzophenone (3BP) involves the addition of lysine to C8, C5 and/or C4 of guanine and 
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leads to mono- and di-substituted spiroiminodihydantion (Sp) products.24 Low energy 
pathways for the formation of these crosslinks have been explored using the 
B3LYP/aug-cc-pVTZ//B3LYP/6-31+G(d,p) level of theory in aqueous solution with an 
SMD solvation model and are shown in Schemes 8.2-8.7. In order to reduce the cost 
and complexity of the calculations, the sidechain of lysine (calc. E7 = 1.39 V, calc. E10 = 
1.03 V, exp. E10 ~ 1.00 V81) was modelled by methylamine (calc. E7 = 1.37 V, calc. E10 = 
1.04 V). Thus, in all of the schemes and figures, R = CH3.  For the reactions involving 
deprotonation and protonation, imidazole and imidazolium were used as proton 
accepter and donor, respectively. Since imidazole has a pKa of 6.9, transferring a proton 
to/from imidazole/imidazolium is the computational equivalent of using a pH 7 buffer 
solution. Reactions involving the addition of N-H or O-H across a double bond are 
assisted by an explicit water molecule which reduces the barrier by forming a six-
membered ring transition state.  
The formation of guanine-methylamine crosslinks starts with oxidation by 3BP 
(via proton-coupled electron transfer or direct H abstraction). One-electron oxidation of 
guanine forms guanine radical cation, Gradcat.  Since the pKa of guanine radical is 
3.9,53 near physiological pH Gradcat loses a proton to form a neutral guanine radical, 
Grad.  The loss of an electron and a proton is equivalent to loss of a hydrogen atom. 
Oxidation of methylamine by 3BP forms methylamine radical cation (calculated pKa = 
2.3) which deprotonates to give neutral methylamine radical, CH3NH•, and this process 
is calculated to be 4.0 kcal/mol less exothermic than guanine oxidation.  As a result, 
there are three low energy pathways that can initiate the formation of guanine-
methylamine adducts at pH 7: (a) the oxidation of methylamine and the addition of 
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neutral methylamine radical to guanine, (b) the oxidation of guanine and the addition of 
methylamine to neutral radical guanine, and (c) the oxidation of both methylamine and 
guanine, and the coupling of neutral methylamine and guanine radicals. For the 
oxidative formation of an initial water adduct, only the addition of water to guanine 
radical needs to be considered since water is not oxidized by 3BP.  In the schemes and 
figure, the lower energy pathways are indicated in red, but as is evident from the 
energetics in the figures, some of these paths may be favored by only a few kcal/mol. 
9.3.1  C8 addition of methylamine 
The low energy pathways for the formation of C8 guanine-methylamine adducts 
are shown in Scheme 9.2, and the thermodynamics related to these pathways for 
oxidation with 3BP are presented in Figure 9.1. The initial oxidation by 3BP can produce 
either guanine radical or methylamine radical or both. The addition of methylamine 
radical to C8 of neutral guanine (G) results in intermediate 1 and has a barrier height of 
11.3 kcal/mol. Neutral methylamine can add to C8 of the guanine radical, Grad, with a 
barrier of only 5.4 kcal/mol forming 2’; tautomerization of 2’ to 2 is exothermic by 0.5 
kcal/mol and has a barrier of  7.3 kcal/mol. Protonated methylamine could add across 
the C8-N7 bond of Grad to yield the protonated form of 2’, but this process is 
endothermic by 4 kcal/mol.  Thus, methylamine addition to Grad should be facilitated by 
higher pH where the equilibrium shifts toward neutral methylamine.  At lower pH, the 
equilibrium moves away from neutral methylamine, and the addition of methylamine 
radical to guanine could become the dominant pathway, despite the somewhat higher 
barrier. At even lower pH, guanine radical (pKa = 3.9) is a cation, Gradcat; while 
addition of neutral methylamine is barrierless, the addition of protonated methylamine 
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would be endothermic. In the third pathway, the coupling reaction between guanine 
radical and methylamine radical is barrierless and exothermic by 43.2 kcal/mol yielding 
3, but is expected to occur at a lower rate because the concentration of radicals 
produced by 3BP oxidation is expected to be low. Thus, in the first step, addition of 
methylamine to guanine radical is energetically preferred, having a barrier 4 - 6 kcal/mol 
lower than for addition of methylamine radical to guanine. 
A second oxidation step results in the loss of a hydrogen from C8 in 1 to form 4 
(Eo = -1.04 V) or from C8 in 2 to form 4’ (Eo = -0.85 V), rather than the loss of a 
hydrogen from N1 in 1 or N7 in 2 to form 3. This oxidation can occur either by 3BP if the 
concentration is high enough (exothermic by 74.0 and 69.2 kcal/mol, resp.) or by 3O2 in 
aerobic environments (exothermic by 25.1 and 20.0 kcal/mol, resp.). Intermediate 4’ can 
be readily converted to the more stable tautomer 4 by shifting a proton from N7 to N1.  
Structure 4, 8-methylaminoguanine is the methylamino analogue of 8-oxoG, and 
corresponds to product C observed by Perrier et al.21 in riboflavin mediated oxidation of 
TGT oligonucleotide in the presence of trilysine.  Morin and Cadet12 also observed 
products from C8 addition of lysine in 3BP oxidation of lysine tethered to 5’ of 2’-
deoxyguanosine. Similarly, Silerme et al.28 found polyamine:guanine crosslinks at C8 of 
guanine in riboflavin sensitized oxidation of double stranded DNA in the presence of 
polyamines. Structure 3 resulting from the coupling of methylamine radical and guanine 
radical is 28.5 kcal/mol less stable than 4, but can be converted to 4 by tautomerization 
of a proton from C8 to N1. 
The third oxidation step, from 4 to 5, is exothermic by 27.2 kcal/mol with 3BP but 
endothermic with O2 or superoxide, O2-.  Since addition of methylamine or water to C5 
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of 5 is endothermic (25.9 or 29.2 kcal/mol, resp.), another oxidation is needed before 
the addition can occur.  The oxidation of 5  is exothermic with 3BP and HOO. (31.1 and 
10.8 kcal/mol, resp.), but endothermic with O2 and O2- (17.7 and 3.0 kcal/mol, resp.), 
and yields 6 (pKa = -1.22 for protonation of 6). 
In the final addition step, methylamine or water can add across the C5-N7 double 
bond of 6. Addition of neutral methylamine, assisted by an explicit water molecule, is 
calculated to have a barrier height of 12.0 kcal/mol and forms the 5,8-methylamine 
disubstituted guanine intermediate, 7. Perrier et al.21 observed a corresponding 5,8 
lysine adduct in the oxidation of TGT and trilysine.  This product was favored by higher 
pH where the NH2 groups are not protonated. Addition of water across the C5-N7 
double bond of 6 (also assisted by one water) is calculated to have a higher energy 
barrier, 27.6 kcal/mol. This barrier drops to 16.5 kcal/mol when assisted by two water 
molecules. In the methylamine and water adducts, 7 and 11, can tautomerize to 8 and 
12, respectively. Migration of the acyl group from C5 to C4 followed by tautomerization 
leads to the final products, 5,8-diNHCH3-spiroiminodihydantoin, 5,8-diNHCH3-Sp (10 or 
10’) and 8-NHCH3-spiroiminodihydantoin, 8-NHCH3-Sp (14 or 14’), respectively.82 As 
shown in Figure 9.1, the barrier for acyl migration in 7 is lower for the neutral form than 
for the deprotonated species. In solution near physiological pH, the acyl group migration 
of 11 occurs only in deprotonated species (pKa = 6.6) as found in our earlier study.58 
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Scheme 9.2 Pathways for addition of methylamine at C8 of guanine followed by 
nucleophilic addition of methylamine or water at C5 (Eo shown in blue, the favored path 
is shown in red). 
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9.3.2  C8 addition of water 
Scheme 9.3 shows the pathway for addition of water at C8 of guanine radical, 
and the corresponding energetics are shown in Figure 2. 3BP can oxidize guanine but 
not water. At low pH, guanine radical (pKa = 3.9) remains protonated, and water addition 
to C8 of Gradcat has a barrier of 12.3 kcal/mol.  At pH 7, guanine radical is 
predominantly neutral, and addition of water to C8 of Grad assisted by an explicit water 
molecule has a barrier of 24.6 kcal/mol. Although the concentration of Gradcat at pH 7 
is only about 10-3 times the concentration of Grad, the reaction can proceed more 
rapidly by water addition to Gradcat because of the much lower barrier.  The 
intermediate, 8-hydroxy-7,8-dihydroguanine (8OHGrad), 15 can lose hydrogen from C8 
of 15 due to oxidation by 3BP or O2 (∆H = -59.8 and -11.0 kcal/mol, resp.) and produces 
16 (Eo = -0.42). Tautomerization of 16 leads to the more stable form of 8-oxoG, 17. The 
fact that the barrier for water addition is much smaller for Gradcat than for Grad is in 
agreement with Crean et al.49 and Rokhlenko et al.50 who observed that water adds 
readily to Gradcat at low pH to form 8-oxoG and its oxidation products, but were unable 
to detect these products at high pH. 
The third oxidation step is exothermic with 3BP (∆H = -25.5 kcal/mol) but 
endothermic with O2 and O2-, (∆H = 23.4 and 8.6 kcal/mol, resp.).  Oxidative loss of 
hydrogen from N7 to produce 18 is favored over loss of hydrogen from N1 to form 18’. 
Addition of methylamine or water to C5 of 18 is endothermic (∆H = 19.0 and 22.8 
kcal/mol, resp.), so another oxidation is required before addition can take place.  The 
fourth oxidation step is exothermic with 3BP (∆H = -26.4 kcal/mol) but endothermic with 
O2 or superoxide (∆H = 22.5 and 7.8 kcal/mol, resp.), and produces 8-oxoGox, 19.   
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Addition of methylamine across the C5-N7 double bond of 19 to form 20 occurs 
without a barrier when assisted by an explicit water molecule. However, the 
corresponding addition of water to 19 to form 23 has a barrier of 16.2 kcal/mol assisted 
by one water and 9.8 kcal/mol assisted by two waters. Both 20 and 23 can undergo C5 
to C4 acyl group migration followed by tautomerization to give final products, 5-NHCH3-
spiroiminodihydantoin, 5-NHCH3-Sp (22 or 22’) and spiroiminodihydantoin, Sp (25), 
respectively. For the C5 methylamine adduct, 20, acyl migration is energetically more 
favorable in neutral form than in the deprotonated form. In agreement with our earlier 
study,58 the doubly water substituted adduct, 23, needs to be deprotonated (pKa = 6.3), 
before it undergoes acyl migration to form the spirocyclic product, 25.   
From the computational results discussed in the previous paragraphs, addition of 
neutral methylamine at C8 of guanine radical, Grad, is energetically the most favored 
pathway among the various pathways discussed for pH 7. The barrier for the addition of 
methylamine radical to guanine is 4 kcal/mol higher.  The addition of water to Grad has 
a significantly higher barrier than addition to Gradcat.  Higher pH facilitates the addition 
of methylamine to Grad, while H2O addition to Gradcat is promoted by lower pH. 
Oxidation by 3BP or O2 leads to 8-methylaminoguanine, 4, the methylamino analogue 
of 8-oxoG, 17. Two more oxidations of 4 produce 6, the methylamino analogue of 8-
oxoGox. For the second addition step, addition of methylamine across the C5-N7 
double bond of 6 again has a lower barrier than water. 
	 
208 
Scheme 9.3 Pathways for addition of water at C8 of guanine followed by nucleophilic 
addition of methylamine or water at C5 (pKa shown in pink, Eo shown in blue, the 
favored path is shown in red). 
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9.3.3  C5 addition of methylamine 
As in the C8 additions, three pathways were considered for methylamine reacting 
with guanine to form C5 guanine-methylamine adducts, as shown in Scheme 9.4 and 
Figure 9.3. The addition of methylamine radical at C5 of neutral guanine (G) has a 
barrier of 21.6 kcal/mol and forms 26. Water assisted addition of methylamine across 
the C5-N7 double bond of guanine radical has a barrier of 30.6 kcal/mol and forms 27 
(the corresponding barrier for NH3 addition is 31.7 kcal/mol). Oxidation of 26 and 27 can 
occur by either 3BP (∆H = -61.5 and -62.6  kcal/mol, resp.) or O2 (∆H = -12.7 and -13.8 
kcal/mol, resp.). Hydrogen can be lost from N1 of 26 (Eo = -0.52 V) or N7 of 27 (Eo = -
0.57 V), yielding 28. Intermediate 28 can also be formed directly via the coupling of 
methylamine radical and guanine radical but would occur at a lower rate because the 
concentrations of these reactive species are expected to be low. A second addition can 
occur across the C8-N7 double bond of 28.  The barrier for methylamine addition to 28 
forming 29 (15.8 kcal/mol) is 7.0 kcal/mol lower than the barrier for water addition 
forming 34.  
The third oxidation step is mediated by 3BP and leads to the loss of the C8 
hydrogen from 29 and 34 to produce 31 and 35, respectively.  The subsequent 
oxidation can occur by 3BP (∆H = -65 to -80 kcal/mol) or O2 (∆H = -16 to -37 kcal/mol). 
Loss of a hydrogen from 31 yields the oxidized intermediates 7 or 8; loss of a hydrogen 
from 35 yields 20 or 37, which can tautomerize to 20. Intermediates 8, 7 and 20 can 
undergo acyl migration from C5 to C4 to produce the spiroimino intermediates, 9, 9’ and 
21, respectively. Acyl migration in the neutral form is favored over the anionic form (see 
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Figure 9.3). Tautomerization of 9, 9’ and 21 forms the final products, 5,8-diNHCH3-Sp 
(10 and 10’), and, 5-NHCH3-Sp (22 or 22’), respectively.  
9.3.4  C5 addition of water 
Scheme 9.5 and Figure 9.4 show the pathways and energetics for C5 addition of 
water to guanine radical followed by C8 addition of methylamine or water. The barrier 
for water addition across the C5-N7 double bond to form 41 (∆H = 27.1 kcal/mol) is 3.5 
kcal/mol lower than for the methylamine addition. Intermediate 41 is readily oxidized by 
either 3BP or O2 and loss of a proton leads to 5-OH guanine, 42 (∆H = -59.5 and -10.7 
kcal/mol, resp., Eo = -0.46 V). In the second addition step, methylamine or water can 
add across the C8-N7 double bond of the 42. Methylamine addition to form 43 has a 
much lower barrier (11.1 kcal/mol) than water addition to form 49 (24.7 kcal/mol). 3BP is 
required for the oxidation of the 8-NHCH3,5-OH guanine adduct, 43, (∆H = -31.7 
kcal/mol) and results in loss of a proton from C8 to form 45. In turn, 45 can be readily 
oxidized by 3BP or O2 (∆H = -62.8 and -13.9 kcal/mol, resp.) to form  11 and 12. Near 
the physiological pH of 7.5, both the 11 and 12 can easily lose another proton from the 
C5-OH group (pKa 6.9 and 6.6, respectively) to form anions. These anionic 
intermediates of 11 and 12 undergo acyl group migration from C5 to C4 (barrier heights 
of 16.5 and 17.4 kcal/mol, respectively), followed by reprotonation to form final neutral 
products, 14’ and 14, respectively. 14’ can tautomerize to form the lower energy 
structure, 14. Nucleophilic addition of a second water at C8 of 42 follows a pathway 
similar to methylamine addition. The adduct 49 undergoes oxidation with 3BP to form 
51, and then oxidation by 3BP or O2 to form 23.  Acyl group migration of the anionic 
form of 23 (pKa 6.3) yields the final product, spiroiminodihydantoin, Sp (25).  
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Scheme 9.4 Pathways for addition of methylamine at C5 of guanine followed by 
nucleophilic addition of methylamine or water at C8 (Eo shown in blue, the favored path 
is shown in red). 
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Scheme 9.5 Pathways for addition of water at C5 of the guanine followed by 
nucleophilic addition of methylamine or water at C8 (Eo shown in blue, the favored path 
is shown in red). 
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The lowest barriers for reactions at C5 are for methylamine radical addition to 
guanine (21.6 kcal/mol) and for water addition to guanine radical (27.1 kcal/mol); 
however, both barriers are higher than C8 addition of methylamine to guanine radical 
(5.4 kcal/mol). After the C5 addition, the barrier for the second nucleophilic addition at 
C8 is lower for methylamine than for water, in part because the N-H bond in 
methylamine is weaker than the O-H bond in water. 
9.3.5  C4 addition of methylamine 
Three pathways for the C4 addition of methylamine to guanine are shown in 
Scheme 9.6 and Figure 9.5. Similar to C5, any addition at C4 of guanine removes the 
planarity of the molecule and interrupts the conjugation, resulting in higher energy 
barriers and intermediates than for the corresponding steps in C8 addition. Addition of 
methylamine radical to C4 has a barrier of 20.3 kcal/mol to produce 4-NHCH3-guanine 
radical, 53 (endothermic by 8.7 kcal/mol). Hydrogen loss from N1 of 53 can occur by 
3BP oxidation but not by O2 oxidation (∆H = -32.4 and 16.4 kcal/mol, resp.), and forms a 
zwitterionic intermediate, 56 (Eo = 0.70). The reaction between the guanine radical and 
methylamine radical produces 56 as well. Intermediate 56 can also be formed via the 
water-assisted addition of methylamine across the C4-N3 double bond of Grad (26.1 
kcal/mol barrier), followed by loss of the N3 hydrogen from 55 by 3BP oxidation. 
Tautomerization of 56 to a different zwitterionic species, 57, is required before the 
system can undergo the ring rearrangement reaction to form the spiro intermediate, 58. 
In the second addition step, water or methylamine can add to C8 of the spiro 
intermediate. Addition of a methylamine across the C8-N7 double bond of 58 has a 
barrier of 17.1 kcal/mol and leads to the formation of the 4-NCH3, 8-NHCH3 oxidized 
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spiro intermediate, 59 (exothermic by 2.4 kcal/mol). Addition of methylamine to C8 could 
occur before ring rearrangement, but the barriers are 4-8 kcal/mol higher. Compared to 
methylamine, the barrier for water addition to C8-N7 double bond of 58 is 4.4 kcal/mol 
higher in energy and forms the 4-NCH3, 8-OH spiro intermediate, 63. Oxidation of 59 
and 63 requires 3BP, leading to intermediates that are readily oxidized by 3BP or O2 to 
the final products, 4,8-diNHCH3-Sp (62) and 4-NHCH3-Sp (67), respectively. 
9.3.6  C4 addition of water 
Scheme 9.7 and Figure 9.6 show the pathways for the addition of water to the C4 
of guanine radical followed by the second nucleophilic addition of methylamine or water. 
Addition of water to the C4-N3 double bond of guanine radical (Grad), assisted by 
another explicit water molecule has a barrier of 30.1 kcal/mol and forms 68 
(endothermic by 14.1 kcal/mol). 4-OH-guanine radical, 68 can lose hydrogen by 3BP 
oxidation to form a zwitterionic intermediate, 4-OH guanine, 70 (Eo = 0.75 V).  
Rearrangement of the ring in 70 produces the 4-oxo spiro intermediate, 71. In the 
second addition step, adding methylamine across the C8-N7 double bond to produce 72 
has a barrier that is 10.2 kcal/mol lower than for adding water to produce 76. Oxidation 
of 72 and 76 by 3BP forms intermediates 73, 74 and 77, 78, respectively, that are easily 
oxidized by 3BP or O2 to the final products, 8-NHCH3-Sp isomer, 75 and Sp isomer, 80. 
The results presented above indicate that neither methylamine nor water addition 
at C4 of guanine is favored over C8 addition. Although methylamine addition at C4 of 
guanine radical has a lower barrier than water addition, both processes are 
endothermic. Unlike in the C8 or C5 addition pathways, the rearrangement to the 
spirocyclic intermediate is predicted to occur before the addition of second nucleophile.  
	 
215 
Scheme 9.6 Pathways for addition of methylamine at C4 of guanine followed by 
nucleophilic addition of methylamine or water at C8 (Eo shown in blue, the favored path 
is shown in red). 
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Scheme 9.7 Pathways for addition of water at C4 of guanine followed by nucleophilic 
addition of methylamine or water at C8 (Eo shown in blue, the favored path is shown in 
red). 
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9.4  Summary  
Potential energy surfaces for the triplet benzophenone initiated, radical mediated 
oxidation of guanine leading to the formation of the mono- and di-methylamine 
substituted spiroiminodihydantion products have been mapped out using DFT 
calculations with SMD solvation. In addition to barrier heights and enthalpies, pKa's and 
reduction potentials were calculated for intermediates to find the lowest energy paths. 
These pathways are summarized in Figure 9.7. The product yields depend on the 
relative concentrations as well as barrier heights and reaction energies. The addition of 
protonated methylamine to C8 of guanine radical is endothermic, but addition of neutral 
methylamine is exothermic. C8 addition of neutral methylamine is kinetically preferred 
over C5 and C4 addition. Likewise, the addition of neutral methylamine radical at C8 of 
guanine is preferred over addition at C5 and C4.  Even though the coupling of 
methylamine radical and guanine radical is barrierless, this rate should be lower 
because the radicals are expected to be short lived and low in concentration. The 
barriers for water addition to C8, C5 and C4 of neutral guanine radical are higher than 
the corresponding barriers for methylamine addition. In the absence of other 
nucleophiles, water addition at C8 is kinetically favored over C5 or C4.  The barrier for 
C8 addition of water is much lower for guanine radical cation than for neutral guanine 
radical. Further oxidations by triplet benzophenone or O2 and loss of protons are 
needed before the second nucleophilic addition can take place. Again, methylamine 
addition has lower barriers than water addition.  After the initial addition, all of the steps 
are exothermic and expected to proceed rapidly. Starting with the addition of 
methylamine at C8 of Grad, oxidation by 3BP or O2 leads to an 8-methylamine 
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substituted oxidized guanine, 4, which is the methylamino analogue of 8-oxoG, 17. After 
oxidation of 4 or 17 by 3BP, the barriers for the addition of methylamine across the C5-
N7 double bond in 6 or 19 are significantly lower than for the corresponding addition of 
water. Nevertheless, if the concentration of methylamine (or lysine) is low, water 
addition could be competitive with methylamine addition. This would lead to comparable 
fractions of 8-NHCH3-Sp and 5,8-diNHCH3-Sp, in agreement with the experimental 
observations.24 For larger concentrations of methylamine, the fraction of 5,8-
dimethylamine substituted products should increase, in agreement with experimental 
observations.24 Higher pH, which shifts the equilibrium more toward unprotonated 
methylamine, should also increase the yield of the 5,8 methylamine adduct, as seen in 
related experiments.21 On the other hand, low pH or hydrogen bonding in a base pair 
stabilizes guanine radical cation and favors the addition of water at C8, in agreement 
with experimental data at pH 2.550 and in double stranded DNA.51 
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Figure 9.1 Comparison of the relative enthalpies (kcal/mol) of guanine adducts resulting 
from 3BP oxidation and methylamine addition at the C8 position of guanine followed by 
nucleophilic addition of methylamine or water at the C5 position calculated at the 
SMD/B3LYP/6-31+G(d,p) level of theory. On the left side of the figure, the dashed blue 
line (A) corresponds to the addition of methylamine radical to guanine, the solid red line 
(B) corresponds to the addition of methylamine to guanine radical while the green dash-
dot line (C) corresponds to the methylamine radical addition to radical guanine. On the 
right side of the figure, the red line corresponds to the addition of a second methylamine 
and the black line corresponds to the addition of water (pathways followed by anion are 
shown in dashed or dotted lines). The solid red line represents the most favored 
pathway. 
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Figure 9.2 Comparison of the relative enthalpies (kcal/mol) of guanine adducts resulting 
from 3BP oxidation and water addition at the C8 position of guanine radical followed by 
nucleophilic addition of methylamine or water at the C5 position calculated at the 
SMD/B3LYP/aug-cc-pVTZ//SMD/B3LYP/6-31+G(d,p) level of theory. On the right side 
of the figure, the red line corresponds to the addition of second methylamine and the 
black line corresponds to water addition (pathways followed by the anion are shown by 
dashed or dotted lines). The solid red line represents the most favored pathway. 
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Figure 9.3 Comparison of the relative enthalpies (kcal/mol) of guanine adducts resulting 
from 3BP oxidation and addition of methylamine at the C5 position of guanine followed 
by nucleophilic addition of methylamine or water at the C8 position calculated at 
SMD/B3LYP/aug-cc-pVTZ//SMD/B3LYP/6-31+G(d,p) level of theory. On the left side of 
the figure, the dashed blue line (A) corresponds to the addition of methylamine radical 
to guanine, the solid red line (B) corresponds to the addition of methylamine to guanine 
radical while the green dash-dot line (C) corresponds to the methylamine radical 
addition to radical guanine. On the right side of the figure, the red line corresponds to 
the addition of a second methylamine and the black line corresponds to the addition of 
water (pathways followed by the anion are shown in dashed or dotted lines). The solid 
red line represents the most favored pathway. 
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Figure 9.4 Comparison of the relative enthalpies (kcal/mol) of guanine adducts resulting 
from 3BP oxidation and water addition at the C5 position of guanine radical followed by 
nucleophilic addition of methylamine or water at the C8 position calculated at the 
SMD/B3LYP/aug-cc-pVTZ//SMD/B3LYP/6-31+G(d,p) level of theory. On the right side 
of the figure, the red line corresponds to the addition of second methylamine and the 
black line corresponds to the water addition (pathways followed by the anion are shown 
by dashed or dotted lines). The solid red line represents the most favored pathway. 
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Figure 9.5 Comparison of the relative enthalpies (kcal/mol) of guanine adducts resulting 
from 3BP oxidation and radical addition of methylamine at the C4 position of guanine 
followed by nucleophilic addition of methylamine or water at the C8 position calculated 
at the SMD/B3LYP/aug-cc-pVTZ//SMD/B3LYP/6-31+G(d,p) level of theory. On the left 
side of the figure, the dashed blue line (A) corresponds to the addition of methylamine 
radical to guanine, the solid red line (B) corresponds to the addition of methylamine to 
guanine radical while the green dash-dot line (C) corresponds to the methylamine 
radical addition to radical guanine. On the right side of the figure, the red line 
corresponds to the addition of a second methylamine and the black line corresponds to 
the addition of water. The solid red line represents the most favored pathway. 
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Figure 9.6 Comparison of the relative enthalpies (kcal/mol) of guanine adducts resulting 
from 3BP oxidation and addition of water at the C4 position of guanine radical followed 
by nucleophilic addition of methylamine or water at the C8 position calculated at 
SMD/B3LYP/aug-cc-pVTZ//SMD/B3LYP/6-31+G(d,p) level of theory. On the right side 
of the figure, the red line corresponds to the addition of second methylamine and the 
black line corresponds to the water addition. The solid red line represents the most 
favored pathway. 
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Figure 9.7 Summary of the pathways for the formation of guanine-methylamine 
crosslink mediated by 3BP. Numbers shown in blue correspond to the barrier for the 
addition reaction (in kcal/mol). For 2’-deoxyguanosine, the sugar would be attached to 
the position indicated by H’. 
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CHAPTER 10:  COMPUTATIONAL STUDY OF OXIDATION OF 
GUANINE BY SINGLET OXYGEN (1∆g) AND FORMATION OF 
GUANINE:LYSINE CROSS-LINKS 
Reproduced with permission from Chem.-Eur. J. 2017, 23, 5804–13 
Copyright 2017, Wiley Publication 
 
10.1  Introduction 
DNA can be damaged by a wide variety of reactive oxidation species, such as 
hydroxyl radical, peroxyl radical and singlet oxygen.  Singlet molecular oxygen (1O2) can 
be generated from diverse processes such as the type II photosensitization, thermal 
decomposition of peroxides and other chemical reactions.1-3 Photosensitization involves 
a transfer of energy sufficient to excite triplet ground state molecular oxygen, 3O2 (3å-g) 
to its lowest excited singlet state (1∆g).4, 5 Due to its highly electrophilic nature, singlet 
molecular oxygen is capable of oxidizing a wide range of molecules including phenols, 
sulfides, and amines. When it is present in a cellular environment, singlet oxygen can 
react with nucleobases and amino acids. The most frequent target of oxidative attack on 
nucleobases is guanine since it has the lowest oxidation potential. The reaction of 
singlet oxygen with guanine in DNA leads to the formation of various intermediates 
including 8-oxo-7,8-dihydroguanine (8-oxoG). When 8-oxoG is incorporated in DNA, it 
can alter replication. When other reactive nucleophiles, such as amino acids, are 
present in the cellular environment, oxidized guanine intermediates can undergo further 
modifications. A common example is the formation of DNA-protein cross-links (DPC). 
DPC formation can lead to cellular damage, mutations, cancer, etc.6-13 Therefore, the 
reaction of singlet oxygen with DNA and further reactions of oxidatively damaged DNA 
have been a subject of extensive research.14-20 In particular, the reactions of singlet 
oxygen with guanine has drawn significant attention because of the wide variety of 
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reaction pathways, intermediates and products, and their dependence on the reaction 
conditions and structural context.14, 15, 19, 21-30  
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Scheme 10.1 Formation of spiroiminodihydantoin products from guanine and singlet 
oxygen in aqueous medium in the presence of lysine 
 
A large number of experimental studies have investigated oxidative damage of 
isolated nucleobases, single-stranded and double-stranded DNA by singlet oxygen.22-34 
It is widely accepted that the singlet oxygen addition to the guanine in aqueous solution 
results in the formation of a guanine endoperoxide intermediate (Scheme 10.1). In this 
geometrically strained cyclic intermediate, the 5-membered endoperoxide ring opens to 
form 8-hydroperoxyguanine (8-OOH-G) (atom numbering for guanine is shown in 
Scheme 10.2). Dehydration of 8-OOH-G followed by loss of the C-8 proton and 
rearrangement results in the formation of spiroiminodihydantoin (Sp). Alternatively, 
reduction of 8-OOH-G produces the widely known guanine oxidation intermediate 8-
oxoG, which then can react with O2 or undergo further oxidation to produce oxidized 
products such as Sp, guanidinohydantoin (Gh), and 2,5-diamino-4H-imidazolone (Iz).14, 
16-18 Different reaction conditions such as change in pH, presence of other nucleophiles 
and additional oxidizing agents along with the singlet oxygen can increase the diversity 
of the final products.17, 26, 30, 34 Even solvent water can act as a nucleophile to react with 
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oxidized guanine intermediates to produce Sp and other further oxidized products.17, 23, 
30, 32 It has also been proposed that a second singlet oxygen can react with 8-oxoG to 
form Sp.14, 17, 24-26, 35 
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Scheme 10.2 Numbering of atoms in guanine 
 
The presence of any nucleophiles along with water and/or singlet oxygen can 
produce a mixture of products including Sp.30, 34 A wide range of amino acids including 
lysine, histamine, and arginine have been found to act as nucleophiles, reacting with 
oxidized forms of guanine to produce cross-links with DNA bases. The presence of 
lysine in the reaction mixture has been found to produces predominantly C5-lysine-
substituted-Sp and to suppress the formation of Sp. Similarly, the presence of ammonia 
favors the formation of C5-NH2-substituted-Sp.34 The formation of DPC is not limited to 
oxidation by singlet oxygen. Numerous experimental studies have been carried out to 
explore the formation of DNA-protein cross-links with isolated nucleobases and single- 
and double-stranded DNA under different oxidative environments.12, 17, 30, 36-48 Various 
oxidizing agents such as hydroxyl radicals, sulfate radicals, carbonate radicals, organic 
carcinogens such as aldehydes, transition metal ions such as Ni(II), Cr(VI), Fe(II), 
Fe(III), Ir(IV), and ionizing radiation, UV light, and visible light with photosensitizers are 
also found to induce DPC formation.30, 36-38, 40, 49-53 The spectrum of the DPC products 
depends on the nature of the oxidizing agent.30  In a previous study, we investigated the 
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formation of guanine:lysine cross-links in the presence of benzophenone, a type I 
photosensitizer.54  In the present work, we examine the oxidation of guanine by singlet 
oxygen produced by a type II photosensitizer, and the subsequent formation of 
guanine:lysine cross-links. 
Several theoretical studies have explored the mechanism of singlet oxygen 
addition reaction across double bonds by using density functional theory (DFT) and 
multireference methods.55-66 These studies involve 1,2- or 1,4-type additions of singlet 
oxygen across double bonds to form an endoperoxide, reactions analogous to the 
current study. Closed shell single-reference calculations cannot describe singlet oxygen 
properly because of its multireference character. Broken symmetry, open shell DFT 
calculations struggle to provide a suitable description of singlet oxygen because of spin 
contamination from its lower lying triplet state. This can cause sizeable errors in the 
energy unless spin projection is used to remove the contamination.  The problem can 
exist not just in the reactant but also in the transition states (TSs) and intermediates.58 
Even multi-configuration self-consistent field calculations, that include primarily non-
dynamical correlation, can have difficulties because of the lack of dynamic electron 
correlation, requiring complete active space self-consistent field (CASSCF) calculations 
along with second order perturbation theory corrections (e.g. CASPT2, NEVPT2, etc.) 
or multi-reference configuration interaction (MRCI) calculations.58, 59, 67 For example, a 
study by Sevin and McKee58 exploring the reaction of singlet oxygen with 1,3-
cyclohexadiene showed significant spin contamination in open-shell B3LYP calculations 
of some of the TSs and intermediates as well as for singlet oxygen, and required 
CASPT2 calculations to obtain good agreement with the experimental barrier.  
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Only a few computational studies have explored the reaction mechanism for 
singlet oxygen addition to guanine. Dumont et al. have examined the performance of 
various density functionals in calculating the stability of the endoperoxide intermediate 
versus the zwitterionic peroxyl intermediate, and find that LC-BLYP gives the best 
agreement with higher level calculations.68  They have also compared 1O2 addition to 
guanine and adenine, and find guanine is more readily oxidized than adenine, in 
agreement with experiment.69  Dumont et al. used QM/MM calculations and MD 
simulations to examine guanine oxidation in B-helical DNA and find that the 1O2 addition 
transition state, the zwitterionic intermediated and the endoperoxide are strongly 
stabilized by the DNA environment.69, 70 Their DFT study using the LC-BLYP functional 
with the 6-31+G* and DZP++ basis sets in aqueous solution showed that the 4,8-OO-
guanine endoperoxide is formed via a zwitterionic intermediate. However, these DFT 
calculations did not address spin-contamination from low-lying triplet states in open 
shell calculations of singlet oxygen and the transition states for addition. This can lead 
to significant changes in barrier heights and reaction energies. Mendez-Hurtado et al.71 
circumvented the problem of spin contamination in the singlet state of oxygen by using 
the spin pure triplet state energy and adding the experimental energy that corresponds 
to the singlet-triplet gap for their study of histidine oxidation by singlet oxygen. This 
approach eliminates the necessity of dealing with the multireference character of singlet 
oxygen to some extent. However, the problem still remains since the transition states 
and intermediates can have significant spin-contamination, and no experimental singlet-
triplet gaps are available to correct their energies. In a related study, Lu et al.72, 73 used 
guided ion-beam mass spectrometry and DFT calculations to examine the gas phase 
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reactivity of singlet oxygen with protonated and deprotonated guanine. Singlet oxygen 
addition to protonated guanine produced 5,8-OO-guanine endoperoxide in a concerted 
reaction, while deprotonated guanine reacts with singlet oxygen in a step-wise fashion 
and forms 4,8-OO-guanine endoperoxide. 
The yield of the various cross-link products between guanine and lysine has 
been shown to depend on the nature of the oxidizing agent.30  In our previous study,54 
we investigated the mechanisms for the formation of guanine:lysine adducts in the 
presence of benzophenone, a type I photosensitizer. The present study explores the 
oxidation of guanine by singlet oxygen, generated by a type II photosensitizer, and the 
subsequent reaction pathways for nucleophilic addition of lysine to form guanine:lysine 
adducts. As discussed above, the DFT calculations of singlet oxygen are problematic 
due to the spin contamination from its low-lying triplet state. This problem may persist in 
the TSs and the intermediates following the singlet oxygen addition. Approximate spin 
projection methods can eliminate the spin contamination from other spin states. In this 
study, the energies of spin contaminated, broken symmetry (BS) structures are 
corrected using Yamaguchi’s approximate-spin projection method.63, 65 A range of 
methods (CASSCF, NEVPT2, B3LYP, wB97XD, LC-BLYP, CCSD(T), and BD(T)) has 
been used to explore the potential energy surface for singlet oxygen addition to guanine 
and subsequent reaction with water and lysine. As in our previous studies, the sidechain 
of lysine is modeled by methylamine (this lowers computational cost without reducing 
the accuracy).  A minimum energy pathway has been identified based on the energies 
and barriers of each reaction step. 
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10.2  Computational Methods 
Geometries were optimized with B3LYP,74-76 LC-BLYP75-77 and wB97XD78 
density functional methods in aqueous solution using the 6-31+G(d,p)79-83 basis set and 
the SMD84 implicit solvation model for aqueous solution. Optimized geometries were 
confirmed to be minima with no imaginary frequencies. Transition states (TSs) were 
verified to have only one imaginary frequency with a vibrational mode corresponding to 
the movement from reactants to products. The transition states were further tested by 
calculating the intrinsic reaction coordinate (IRC) to connect the transition state with 
reactants and products.85, 86 Transition states for the addition of nucleophiles across a 
double bond included an explicit water molecule. When assisted by an additional water 
molecule, these transition states are six-membered rings and have significantly lower 
barriers compared to non-assisted transition states with four-membered rings. The 
deprotonation and protonation processes were modeled by using imidazole and 
imidazolium (pKa 6.9) as a proton accepter and donor, respectively, as a computational 
equivalent to an experimental buffer of pH 7. More accurate single point energies were 
calculated using the aug-cc-pVTZ basis set87 in aqueous solution using the geometries 
optimized with the 6-31+G(d,p) basis set.  Since reactions with singlet oxygen may 
involve structures with multi-reference character, transition states and intermediates for 
the formation of guanine endoperoxide were also optimized using complete active 
space self-consistent field (CASSCF) 88-91 calculations with an active space of 20 
electrons and 14 orbitals (see Figure 10.1 for the details of the orbitals). Additional 
energy calculations for the formation of guanine endoperoxide were obtained using 
CCSD(T),92, 93 BD(T),94 CASSCF (14 electrons in 11 orbitals active space and 20 
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electrons in 14 orbitals active space, see SI for details), and NEVPT295, 96 (14 electrons 
and 11 orbitals active space) single point computations with the 6-31+G(d,p) basis set 
and the SMD/B3LYP/6-31+G(d,p) optimized geometries.  Most calculations were carried 
out with the development version of Gaussian series of programs;97 the NEVPT2 
calculations were carried out with ORCA.98 
Spin-unrestricted DFT, CCSD(T), and BD(T) calculations of open shell singlets 
may have significant spin contamination from the lowest triplet states.  The energies of 
spin contaminated broken symmetry (BS) calculations have been corrected using 
Yamaguchi’s approximate-spin projection (AP) method.63, 65 The spin-projected total 
energy of a singlet state (!"#		) is given by: 
!"# = %!&'-)!*'	 
where 
! = #$ %&#$ %&- #$ (&	 
! = #$ %&#$ '&- #$ %&	 !"#		 is the energy of broken symmetry, spin unrestricted singlet state and !"#		 is the 
energy of the high spin (triplet) state. The spin contamination in the triplet state is 
assumed to be negligible.  
10.3  Result and Discussion 
Scheme 10.1 shows the pathways for the addition of singlet oxygen (1∆g) to 
guanine and the subsequent addition of methylamine or water to form substituted-
spiroiminodihydantoin products. The reactions were explored with a range of theoretical 
methods: DFT, CCSD(T), BD(T), CASSCF and NEVPT2.  The treatment of singlet 
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oxygen and its reactions can be challenging for some levels of theory.  Since the 
addition of singlet oxygen to 1,3-cyclohexadiene has been investigated experimentally 
and computationally, we examine this reaction first in order to calibrate the methods 
used for singlet oxygen plus guanine.  After examining the addition of singlet oxygen to 
the guanine to from endoperoxide, we look at the reaction path from the endoperoxide 
to 8oxoG and nucleophilic addition followed by ring rearrangement to form substituted-
spiroiminodihydantoin products. 
10.3.1  Addition of singlet oxygen to 1,3-cyclohexadiene 
The experimental difference between the singlet and triplet states of oxygen is 
22.4 kcal/mol.99 Table 10.1 shows the calculated result for various levels of theory.  
CASSCF/6-31+G(d,p) calculations with an active space of 12 electrons and 8 orbitals 
give a singlet-triplet energy gap of 20.3 kcal/mol for the molecular oxygen (the active 
orbitals are shown in the Figure 10.1). Corrections for dynamic correlation by second 
order perturbation theory (CASPT2 and NEVPT2) improves the value by a few kcal/mol. 
Closed-shell calculation of singlet oxygen at the B3LYP/6-31+G(d,p) level of theory has 
a spin restricted to unrestricted instability and optimizes to a stable open-shell electronic 
structure that has a spin-squared value <S2> » 1.0. This broken symmetry singlet 
oxygen has about 50% contribution from the lowest triplet (3å-g) state and is 10.7 
kcal/mol higher than the ground state triplet. Similar spin-contaminations and singlet-
triplet energy gaps are calculated with other DFT functionals. Using the Yamaguchi 
approximate spin-projection method (AP)100-102 to correct the energy of spin-
contaminated open-shell singlet oxygen, the energy difference between singlet and 
triplet states of oxygen becomes 20-23 kcal/mol with various DFT functionals,65 in good 
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agreement with the experimental value. Similarly, CCSD(T), and BD(T) calculations with 
Yamaguchi approximate spin-projection yield singlet triplet energy differences within a 
few kcal/mol of the experimental value.  All the energies discussed below for broken 
symmetry, open-shell states calculated with DFT, CCSD(T), and BD(T) are corrected to 
the spin-pure state using the Yamaguchi approximate spin-projection method.  
The gas phase energetics for the [4+2] addition of singlet oxygen to 1,3 
cyclohexadiene to form the endoperoxide have been computed with B3LYP, wB97XD, 
LC-BLYP, BD(T), CASSCF and NEVPT2, and are compared with experimental103 and 
calculated58 results from the literature in Table 10.1. The relative energies calculated 
using CASSCF/6-31+G(d,p) with an active space of 16 electrons in 12 orbitals are 
lowered by 10 – 20 kcal/mol when dynamic electron correlation is taken into account by 
NEVPT2/6-31+G(d,p) and CASPT2/6-31G(d) calculation. The NEVPT2, spin projected 
BD(T) and spin projected LC-BLYP barriers are 3 – 6 kcal/mol higher than experiment 
while the spin projected B3LYP and wB97XD barriers are 2 kcal/mol lower than 
experiment.  Except for CASSCF, the calculation find the intermediate more stable than 
the reactants and the overall reaction strongly exothermic.  Even though the singlet 
oxygen and the intermediates involved here have multireference character, spin-
projected DFT (B3LYP and wB97XD, in particular) perform reasonably well in predicting 
the relative energetics for the [4+2] addition of singlet oxygen to 1,3-cyclohexadiene. By 
extension, B3LYP and wB97XD functionals plus spin projection should also provide 
good estimates of the energetics for singlet oxygen addition to guanine to form guanine 
endoperoxide. 
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10.3.2  Addition of singlet oxygen to the guanine and formation of the 
endoperoxide 
Possible pathways of the formation of guanine endoperoxide from singlet oxygen 
and guanine are presented in Scheme 10.3 and some of the intermediate structures 
with relevant bond lengths are shown in Figure 10.2 The relative enthalpies (∆H at 298 
K) are listed in Table 10.2 and are shown in Figure 10.4 and Figure 10.4. 
 
Scheme 10.3 Addition of singlet oxygen to guanine to form the guanine endoperoxide 
(The most stable structures and lowest energy reaction path are shown in red). 
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There are two orientations for singlet oxygen addition to the guanine to form the 
endoperoxide, namely, syn and anti with respect to the guanine ring. The anti-addition is 
a three-step process while the syn-addition can be one step or two steps, as shown in 
Scheme 10.3. The syn-addition of singlet oxygen could follow a concerted, synchronous 
Diels-Alder reaction mechanism as has been found in a number of symmetric alternate 
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hydrocarbons such as benzene, naphthalene, and anthracene derivatives.67, 104 
However, the concerted [4+2] addition of a singlet oxygen across C8-C4 of guanine is 
not likely to be synchronous because of the different reactivity of the C8 and C4 sites. A 
two-dimensional scan of the C4-O and C8-O coordinates is shown in Figure 10.5. As 
guanine and singlet oxygen approach each other, they start with similar C4-O and C8-O 
distances. Shortening the C8-O distance is clearly preferred over shortening the C4-O 
distance.  The latter is unfavorable because it would disrupt the aromaticity of the six-
membered ring in guanine.  The reaction path descends to the syn C8-OO intermediate, 
which can close to the endoperoxide via a small barrier.  
Since the singlet oxygen addition occurs on the imidazole fragment of the 
guanine, the possibility of the synchronous concerted addition was further explored by 
comparing with singlet oxygen addition to the methyl-substituted imidazole. We indeed 
find a synchronous concerted pathway that forms imidazole endoperoxide with a 
reaction barrier of ∆G = 8.9 kcal/mol with B3LYP (9.0 kcal/mol with wB97XD). This 
addition barrier is in good agreement with the reported free energy barrier of 8.6 
kcal/mol for histidine using CCSD(T) calculations.71 This supports the premise that the 
conjugation in guanine prevents simultaneous addition at C4 and C8, thereby favoring 
initial addition of the singlet oxygen at C8.   
The closed-shell optimized TS for non-synchronous syn-addition of singlet 
oxygen to C8 of guanine has a spin restricted to unrestricted instability. Open-shell 
optimization shows that TS1-syn has a small amount of spin contamination (<S2> = 
0.34) resulting from mixing with the lower-lying triplet state. After spin projection, the 
enthalpy barrier is calculated to be 2.8 kcal/mol with B3LYP (wB97XD = 4.1 kcal/mol, 
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CCSD(T) = 5.8 kcal/mol).  Similar to 1O2 + cyclohexadiene, the addition barrier and the 
energies of the intermediates are too high with CASSCF Table 10.2, Figure 10.3).  
When dynamic electron correlation is added using NEVPT2, the barrier is in better 
agreement with the DFT, CCSD(T) and BD(T) calculations. 
Intermediate 4 formed by syn addition of 1O2 has an elongated O-O bond, 1.48 Å, 
and a short C8-O bond, 1.37 Å (Figure 1), and is closed shell structure with no restricted 
to unrestricted instability and no diradical character. It has a net Mulliken charge of -1.0 
on the O-O fragment and +1.0 charge delocalized throughout the guanine ring (mostly 
on C4-C5-N7), and can thus be characterized as a zwitterion, as found by Dumont et 
al.69 Ring closure of 4 to guanine endoperoxide 5 has only a small barrier (B3LYP = 3.8 
kcal/mol, wB97XD = 3.5 kcal/mol, CCSD(T) = 0.8 kcal/mol, NEVPT2 = 5.7 kcal/mol). 
While the B3LYP functional predicts the guanine endoperoxide 5 to be 2.4 kcal/mol less 
stable than 4, the other DFT functionals, CCSD(T), and BD(T) calculations predict the 
endoperoxide to be more stable than 4 by about 2-6 kcal/mol. Dumont et al. found 
similar results for the relative stabilities with wavefunction methods and a variety of 
density functionals.68-70 
Closed-shell DFT calculations of the transition state for the anti-addition of singlet 
oxygen at C8 of guanine also have spin restricted to unrestricted instabilities. 
Optimization of singlet TS1-anti with open-shell DFT shows strong mixing with the 
higher spin states (<S2> = 1.00). After spin projection, the enthalpy barriers for the anti-
addition of singlet oxygen (B3LYP = 6.5 kcal/mol, wB97XD = 9.9 kcal/mol, LC-BLYP = 
13.0 kcal/mol, CCSD(T) = 11.4 kcal/mol, BD(T) = 14.0 kcal/mol, NEVPT2 = 19.9 
kcal/mol) are 4-6 kcal/mol higher than the barriers for syn-addition computed at the 
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same level of theory (Table 10.2, Figure 10.4). These values are considerably lower 
than the barriers previously reported for closed shell DFT calculations.69 
The anti-addition of 1O2 can produce two intermediates, a broken symmetry 
open-shell structure, 1 (with short O-O bond, 1.33 Å, and elongated C8-O bond, 1.51 Å) 
and a closed-shell structure, 2 (elongated O-O bond, 1.48 Å and short C8-O bond, 1.39 
Å). Intermediate 1 is a singlet diradical with one electron in a π* antibonding orbital of 
the O-O fragment and the other electron delocalized on the C4-C5-N7 part of the 
guanine ring. Structure 1 also shows a large amount spin contamination (<S2> = 1.0) 
from the triplet state, and after projection is still approximately 5 – 10 kcal/mol higher in 
energy than 2.  Similar to the syn- C8-O-O adduct 4, the closed-shell anti-adduct 2 is a 
zwitterion with a net Mulliken charge of -1.0 on the O-O fragment and +1.0 charge 
delocalized in the guanine ring (mostly on the C4-C5-N7 fragment). Dumont et al.69 also 
found the anti-zwitterion to be more stable than the diradical. Rotation around the C8-O 
bond of the anti-adducts 1 and 2 results the formation of the syn-adduct, 4. With open 
shell DFT, as the O-O fragment in diradical 1 is rotated about C8-O bond to an N9-C8-
O-O dihedral angle of -176.0°, the singly occupied π* orbital interacts with the singly 
occupied π orbital of guanine ring to form the zwitterion intermediate, 4. The B3LYP 
barriers for rotation from anti- to syn- are 2.1 and 7.6 kcal/mol for 1 and 2, respectively. 
Similar rotational barrier was also reported by Dumont et al.69 For the closed shell 
structures such as 2, 4, and 5 relative energies calculated with CCSD(T) and BD(T) are 
expected to be quite reasonable. As shown in Table 10.2, the relative energies for these 
closed shell structures calculated with wB97XD are in good agreement with CCSD(T) 
and BD(T) whereas the LC-BLYP tends to over-stabilize these structures. The energies 
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of the intermediates are too high with CASSCF, while the NEVPT2 calculations are in 
somewhat better agreement with the DFT, CCSD(T) and BD(T) (Table 10.2, Figure 
10.4). 
In summary, the stepwise syn-addition of the singlet oxygen to guanine to form 
the endoperoxide is the most favorable pathway, and is preferred over the stepwise 
anti-addition of singlet oxygen by 4-6 kcal/mol. The barrier for the syn-addition of singlet 
oxygen to the C8 of guanine to form C8-O-O-guanine zwitterion intermediate is in the 
range of 3-8 kcal/mol and should be the rate-determining step for the formation of the 
endoperoxide.  The barriers for rotation and for ring closure are small and the 
endoperoxide is more stable than the zwitterionic intermediates. Guanine is the 
preferred site for 1O2 addition. Corresponding calculations on adenine show that the 
barriers for 1O2 addition are 3 – 4 kcal/mol higher than for guanine, and the formation of 
the zwitterionic intermediate is endothermic rather than exothermic (see Table S1 and 
Figure S4-5 in the Supporting Information of the original text).  
10.3.3  Reaction of guanine endoperoxide to form 8-oxoG and 8-oxoGox 
Figure 10.6 shows the relative enthalpies calculated for the pathways shown in 
Scheme 10.4. Protonation of 4,8-guanine endoperoxide, 5, results in the opening of the 
5-membered endoperoxide ring to form the 8-OOH-cationic intermediate, 6. Direct 
deprotonation from C8 of guanine endoperoxide 5 causes cleavage of O-O bond, 
resulting the formation of 4O-8-oxoguanine anionic intermediate 6’AN (Figure 10.6), 
which can then be protonated (pKa = 9.0) forming 6’. This process has a forward 
reaction barrier of 27.3 kcal/mol for the simultaneous ring opening and the transfer of 
proton to the imidazole and is exothermic by 86 kcal/mol. Alternatively, intermediate 6 
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can undergo deprotonation from the C8 (pKa = -13.1) or from the N1 (pKa = 5.9) to form 
neutral intermediates 7 or 7’, respectively. Loss of the proton from the C8 of 6 forming 7 
restores the planarity of the guanine framework, hence is calculated to be quite acidic. 
The transfer of H from N1 of 7 to the OH of C8-OOH and loss of H2O produces 8-
oxoGox, 8 (see Scheme 10.4). Alternatively, as discussed in the literature,15, 25, 26 in the 
presence of reducing agents such as thiols (e.g. glutathione, cysteine, etc.), dimethyl 
sulfide or Fe2+, the intermediate 8-OOH-guanine, 7 could be reduced to form 8-oxoG, 
8’. A series of experiments by Burrows and coworkers has shown that the dehydration 
of 6 is a major pathway leading to the formation of Sp in the case of guanine 
nucleotide.30, 32, 34 In the case of double-stranded DNA, however, 7 can be reduced to 
form 8-oxoG.14-19 Reduction of 7 with dimethyl sulfide is calculated to have a reaction 
barrier of 7.9 kcal/mol. This indicates that if the reducing agent is present in the solution, 
the reduction of 7 can be a competitive pathway to form 8-oxoG (Figure 10.6). The 
formation of 8-oxoGox via dehydration is calculated to be the more favored pathway 
(barrierless) over O-O cleavage (barrier height of 27.3 kcal/mol) or reduction (barrier 
height of 7.9 kcal/mol for Me2S). Therefore, only the reaction of 8-oxoGox is included in 
the following discussion. 
 
 
 
Scheme 10.4 Pathways for the formation of 8-oxoG, 8-oxoGox, Sp and 5-NHCH3-Sp 
from guanine endoperoxide via the addition of water or methylamine (pathway shown in 
red is the lowest energy). 
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10.3.4  Nucleophilic addition reaction 8-oxoGox to form substituted 
spiroiminodihydantoin 
In a second addition step, methylamine or a water molecule can add across the 
C5-N7 double bond of 8-oxoGox (8), shown in Scheme 10.4 and Figure 10.7, and 
discussed in Chapter 10.54 The addition of water is calculated to have a forward barrier 
of 7.1 kcal/mol with wB97XD (9.6 kcal/mol with B3LYP) while the addition of 
methylamine is a barrierless process.  The water adduct, 9 loses a proton from C5-OH 
(pKa = 6.3) to form an anionic intermediate, 9AN. Anion 9AN, then undergoes acyl 
migration from C5 to C4 of the guanine ring and forms 10AN, which upon protonation 
forms the final product, spiroiminodihydantoin, Sp (10).30, 32, 105 The C5-methylamine 
adduct 11, can directly deprotonate from C5-NH2 and form the anionic intermediate 
12AN (pKa = 3.0) or undergo tautomerization to form neutral intermediate 12 (barrier 
height ∆H = 2.9 kcal/mol. Both 12 and 12AN can undergo a 1,2 shift of the acyl group. 
The 1,2 acyl group migration of 12 and a proton rearrangement results the formation of 
the final tautomeric 5-methylamine-Sp products, 14 and 14’ (5-NHCH3-Sp). C5-
methylamine-Sp, 14 and 14’ are thermodynamically slightly more stable compared to 
the unsubstituted Sp, 10. Since the barrier calculated for the methylamine addition to 
C5 of 8-oxoGox is significantly lower than the barrier for water addition, 5-NHCH3-Sp 
(14’) should be the dominant reaction product. This result is in good agreement with the 
experimental finding of 5-Lysine-Sp (100%)30 and 5-NH2-Sp (83%)34 as the major 
cross-link products with lysine and ammonia, respectively.   
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10.4  Summary 
The energetics for the aqueous-phase reaction of guanine with singlet oxygen (1∆g) 
and the formation of Sp and 5-NHCH3-Sp are shown in Table 10.2.  The energies have 
been calculated by DFT (B3LYP and wB97XD functionals) with SMD implicit solvation. 
Initial formation of guanine endoperoxide from guanine and singlet oxygen has been 
further investigated with LC-BLYP, CCSD(T), CASSCF and NEVPT2 calculations. 
Open-shell DFT and CCSD(T) calculations of singlet oxygen have significant spin-
contamination from the lower-lying triplet state. The spin-contamination is not limited to 
the singlet oxygen but is also present in some of the TSs and intermediates. Spin-pure 
states are obtained by using Yamaguchi’s approximate spin-projection method and by 
CASSCF and NEVPT2 calculations. The addition of singlet oxygen to guanine is 
favored over addition to adenine by 3-4 kcal/mol.  The formation of guanine 
endoperoxide proceeds via step-wise fashion and the zwitterionic pathway is favored 
over the diradical pathway by more than 5 kcal/mol. The singlet oxygen can add to C8 
of guanine either syn and anti with respect to the guanine ring. The barrier calculated for 
the syn-addition of singlet oxygen is 4-6 kcal/mol lower than for anti-addition. The initial 
addition of singlet oxygen is the rate limit step since the barrier for the ring closure of the 
zwitterion intermediate is smaller than for the initial addition of singlet oxygen. The 
opening of the endoperoxide ring in 5 via the protonation at C4-O to form protonated 
intermediate 6 is strongly favored over the O-O bond cleavage to form 4-hydroxy-8-oxo-
guanine 6’.  Deprotonation of C8 in the 8-OOH-guanine cationic intermediate 6 
produces 8-hydroperoxyguanine, 7. Loss of a water molecule after proton 
rearrangement forms oxidized 8-oxoguanine (8-oxoGox). In the presence of a suitable 
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reducing agent, the reduction of 7 could compete with dehydration, leading to the 
formation of the thermodynamically more stable intermediate 8-oxoG observed in the 
experiments. The barrier for the methylamine addition across the C5-N7 double bond of 
8-oxoGox (8) is significantly lower than for the water addition. The methylamine-adduct 
and water-adduct undergo further rearrangement reactions to produce final products 5-
NHCH3-Sp and Sp. Based on the energetics calculated here, 5-NHCH3-Sp should be 
the dominant product. Our observations are in good agreement with the available 
experimental results.30, 34 Lowering the pH of solution would decrease the concentration 
of unprotonated methylamine, thereby favoring the formation of Sp or Gh over 5-
NHCH3-Sp.
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Table 10.1 Relative Energies (with ZPE) Calculated for the Formation of Endoperoxide 
from 1,3-Cyclohexadiene and Singlet Oxygen Using Various Levels of Theory in Gas 
Phase with the 6-31+G(d,p) Basis Set. 
 
B3LYP
a 
wB97XD 
a 
LC-
BLYPa 
BD(T
)a,b 
CASSC
Fa,b 
NEVPT2 
a,b 
CASPT2 
c,d 
Experi
ment 
1O2 - 3O2 20.8 23.50 21.85 19.4 20.3 22.9 24.7 22.4e 
Reactant 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 TS 3.34 3.21 8.24 10.02 23.58 11.22 6.50 5.50f 
Intermediat
e -9.46 -12.63 -16.79 -3.91 10.58 
-5.93 
-5.50 
 Product -31.48 -39.59 -47.71 -36.27 -16.86 -39.40 -33.60 
 
Reactant = 1,3-cyclohexadiene + 1O2, Product = 2,3-dioxabicyclo[2.2.2]oct-5-ene. a6-
31+G(d,p) basis set. busing B3LYP/6-31+G(d,p)optimized geometry and zero point 
energy. c6-31G(d) dRef.58 eRef 99 fRef.103  
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Table 10.2 Relative Enthalpies Calculated for the Formation of Guanine Endoperoxide 
from Guanine and Singlet Oxygen Using Various Levels of Theory with the 6-31+G(d,p) 
Basis Set in Aqueous Solution with SMD Solvation. 
 
 
B3 
LYP 
wB97 
XD 
LC-
BLYP 
CCSD(T) 
a,b 
BD(T)  
a,b 
CASSCF b 
(20e,14o) 
CASSCF 
a,b 
(20e,14o) 
CASSCF 
a,b 
(14e,11o) 
NEVPT2 
a,b 
(14e,11o) 
G + 1O2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
TS1-syn 2.8 4.1 8.7 5.8 4.4 16.5 19.5 23.7 7.1 
TS1-anti 6.5 9.9 13.0 11.4 14.0 32.2 36.9 40.4 19.9 
1 
(diradical) 2.7 1.3 -0.9 5.0 8.3 29.3 - 35.7 12.9 
2 
(zwitterion) -3.2 -5.0 -9.3 -4.9 -4.8 10.5 11.7 19.3 9.6 
TS2 
(diradical) - - - - - 29.4 - - - 
TS2 
(zwitterion) 4.4 2.3 -0.9 2.6 2.7 17.8 20.9 25.3 15.0 
3 
(diradical) - - - - - 25.6 - - - 
4 
(zwitterion) -4.0 -6.9 -10.4 -7.1 -7.0 9.7 14.6 17.3 -0.2 
TS3 
(closing) -0.2 -3.4 -4.9 -6.3 -6.6 15.1 13.3 18.1 5.5 
5 -1.6 -8.7 -15.4 -13.0 -13.0 1.4 4.0 15.6 0.2 
 
ageometry optimized with SMD/B3LYP/6-31+G(d,p), b enthalpy correction at 298K with 
SMD/B3LYP/6-31+G(d,p)
		
260 
 
 
π* (virtual) π* (virtual)
π(occupied)x π(occupied)
π(occupied)π(occupied)
(a)
                   
		
261 
       
σ* (virtual)
π(occupied)
σ(occupied)
σs* (occupied)x
σs (occupied)x
π(occupied)
π* (partially occupied)
(b)
σ* (virtual)
π(occupied)
σ(occupied)
σs* (occupied)x
σs (occupied)x
π(occupied)
π* (partially occupied)
(b)
   
 
 
 Figure 10.1  (a) Guanine, and (b) oxygen orbitals used in the CASSCF 20 electron and 
14 orbital active space. xOrbitals not included with the active space of (14 electrons and 
11 orbitals). 
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Figure 10.2 Transition states and intermediates for the formation of guanine 
endoperoxide optimized with SMD-B3LYP/6-31+G(d,p) in aqueous solution. 
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Figure 10.3 Relative enthalpies for the formation of guanine endoperoxide from syn-
addition of singlet oxygen addition to guanine using various levels of theory with the 6-
31+G(d,p) basis set in aqueous solution using SMD. All the spin-contaminated DFT, 
CCSD(T), and BD(T) energies are spin-projected. 
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Figure 10.4 Relative enthalpies for the formation of guanine endoperoxide from anti-
addition of singlet oxygen to guanine using various levels of theory with 6-31+G(d,p) 
basis set in aqueous solution using SMD. All the spin-contaminated DFT, CCSD(T), and 
BD(T) energies are spin-projected. 
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Figure 10.5  Potential energy surface for singlet oxygen addition to the guanine ring as 
a function of the C4-O and C8-O distances.  The vertical axis shows the energy (without 
ZPE) in kcal/mol with respect to the sum of the energies of infinitely separated guanine 
and singlet oxygen. The surface is calculated with the B3LYP/6-31+G(d,p) level of 
theory with SMD solvation and  approximate spin projection (see Figure S3 of the 
original text for the surface without spin projection). 
 
		
266 
-120
-100
-80
-60
-40
-20
0
20
40
R
el
at
iv
e 
En
th
al
py
 (
kc
al
/m
ol
)
+ Me2SO
5
TS
6'AN 6'
8
7'
7
TS 
8'AN
8' 
6
N
NHN
N
H
O
NH2
6'
O
HO
N
NHN
N
H
O
NH2
6'AN
O
O
N
NN
N
H
O
NH2
H
7'
O
HO
N
NHN
N
H
O
NH2
7
O
HO
N
NHN
N
H
O
NH2
O
8’AN4
TS1-syn
TS3
G + 1O2
N
NHN
N
H
O
NH2
H
G + 1O2
 1O2 +
N
NHN
N
H
O
NH2
H
5O O
N
NHN
N
H
O
NH2
6
O
HO
H
N
NHN
N
H
O
NH2
H
4
O
O
+ H+
- H+
- Me2SO 
- H+- H2O
- H+
- H+
+ H+
+ H+
N
NN
N
H
O
NH2
O
8 
(8-oxoGox)
N
NH
H
N
N
H
O
NH2
O
8' 
(8-oxoG)
 
Figure 10.6 Relative enthalpies for the formation of 8-oxoG and 8-oxoGox from the 
endoperoxide calculated at the SMD/wB97XD/aug-cc-pVTZ//SMD/wB97XD/6-31+G(d,p) 
level of theory. The solid black line corresponds to the O-O bond cleavage pathway 
forming 7’. The solid blue line corresponds to the reduction of intermediate 7 by Me2S. 
The red line corresponds to the dehydration pathway leading to form 8-oxoGox. The 
solid red line represents the most favored pathway.  
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Figure 10.7 Relative enthalpies for the formation of Sp and 5-NHCH3-Sp from the 
addition of water or methylamine to 8-oxoGox calculated at the SMD/wB97XD/aug-cc-
pVTZ//SMD/wB97XD/6-31+G(d,p) level of theory. The black line corresponds to the 
addition of water and the red line corresponds to the addition of a methylamine. 
Pathways involving anions are shown as dashed lines. The solid red line represents the 
most favored pathway. The pathways leading to the Structure 8 are shown in Figure 
10.6. 
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Figure 10.8 Summary of the lowest energy pathway for the formation of Sp and 5-NHCH3–Sp 
from the singlet oxygen addition to the guanine ring followed by the nucleophilic addition of 
water or methylamine. Relative enthalpies (kcal/mol) are calculated with SMD-wB97XD/6-
31+G(d,p) level of theory. The spin contamination in singlet oxygen, TSs and intermediates are 
corrected with the Yamaguchi approximate spin projection method. The black line on the left 
corresponds to the addition of water and the red line corresponds to the methylamine addition. 
The solid red line represents the most favored pathway 
 
		
269 
10.5  References 
1. Held, A.; Halko, D.; Hurst, J., Mechanisms of chlorine oxidation of hydrogen 
peroxide. J. Am. Chem. Soc. 1978, 100, 5732-5740. 
2. Di Mascio, P.; Bechara, E. J.; Medeiros, M. H.; Briviba, K.; Sies, H., Singlet 
molecular oxygen production in the reaction of peroxynitrite with hydrogen peroxide. 
FEBS Lett. 1994, 355, 287-289. 
3. Pierlot, C.; Aubry, J.-M.; Briviba, K.; Sies, H.; Di Mascio, P., [1] Naphthalene 
endoperoxides as generators of singlet oxygen in biological media. Methods Enzymol. 
2000, 319, 3-20. 
4. Kanofsky, J. R., Singlet oxygen production by biological systems. Chem. Biol. 
Interact. 1989, 70, 1-28. 
5. DeRosa, M. C.; Crutchley, R. J., Photosensitized singlet oxygen and its 
applications. Coord. Chem. Rev. 2002, 233–234, 351-371. 
6. Breen, A. P.; Murphy, J. A., Reactions of oxyl radicals with DNA. Free Radical 
Biol. Med. 1995, 18, 1033-1077. 
7. Burrows, C. J.; Muller, J. G., Oxidative nucleobase modifications leading to 
strand scission. Chem. Rev. 1998, 98, 1109-1152. 
8. Wang, D.; Kreutzer, D. A.; Essigmann, J. M., Mutagenicity and repair of oxidative 
DNA damage: Insights from studies using defined lesions. Mutat. Res. Fund. Mol. 
Mech. Mut. 1998, 400, 99-115. 
9. Beckman, K. B.; Ames, B. N., Endogenous oxidative damage of mtDNA. Mutat. 
Res. Fund. Mol. Mech. Mut. 1999, 424, 51-58. 
		
270 
10. Hasty, P.; Campisi, J.; Hoeijmakers, J.; van Steeg, H.; Vijg, J., Aging and 
genome maintenance: Lessons from the mouse? Science 2003, 299, 1355-1359. 
11. Gimisis, T.; Cismaş, C., Isolation, characterization, and independent synthesis of 
guanine oxidation products. Eur. J. Org. Chem. 2006, 1351-1378. 
12. Perrier, S.; Hau, J.; Gasparutto, D.; Cadet, J.; Favier, A.; Ravanat, J.-L., 
Characterization of lysine−guanine cross-links upon one-electron oxidation of a 
guanine-containing oligonucleotide in the presence of a trilysine peptide. J. Am. Chem. 
Soc. 2006, 128, 5703-5710. 
13. Fleming, A. M.; Burrows, C. J., Formation and processing of DNA damage 
substrates for the hNEIL enzymes. Free Radical Biol. Med. 2017, DOI: 
10.1016/j.freeradbiomed.2016.11.030. 
14. Martinez, G. R.; Loureiro, A. P. M.; Marques, S. A.; Miyamoto, S.; Yamaguchi, L. 
F.; Onuki, J.; Almeida, E. A.; Garcia, C. C. M.; Barbosa, L. F.; Medeiros, M. H. G.; Di 
Mascio, P., Oxidative and alkylating damage in DNA. Mutat. Res. 2003, 544, 115-127. 
15. Ravanat, J.-L.; Martinez, G. R.; Medeiros, M. H. G.; Di Mascio, P.; Cadet, J., 
Mechanistic aspects of the oxidation of DNA constituents mediated by singlet molecular 
oxygen. Arch. Biochem. Biophys. 2004, 423, 23-30. 
16. Neeley, W. L.; Essigmann, J. M., Mechanisms of formation, genotoxicity, and 
mutation of guanine oxidation products. Chem. Res. Toxicol. 2006, 19, 491-505. 
17. Pratviel, G.; Meunier, B., Guanine oxidation: One- and two-electron reactions. 
Chem. Eur. J. 2006, 12, 6018-6030. 
18. Cadet, J.; Douki, T.; Ravanat, J.-L., Oxidatively generated base damage to 
cellular DNA. Free Radical Biol. Med. 2010, 49, 9-21. 
		
271 
19. Cadet, J.; Douki, T.; Ravanat, J.-L.; Di Mascio, P., Reactions of singlet oxygen 
with nucleic acids. Singlet Oxygen: Applications in Biosciences and Nanosciences 
Volume 1 2016, 393. 
20. Cadet, J.; Davies, K. J. A.; Medeiros, M. H. G.; Di Mascio, P.; Wagner, J. R., 
Formation and repair of oxidatively generated damage in cellular DNA. Free Radical 
Biol. Med. 2017, DOI: 10.1016/j.freeradbiomed.2016.12.049. 
21. Fleming, A. M.; Burrows, C. J., G-quadruplex folds of the human telomere 
sequence alter the site reactivity and reaction pathway of guanine oxidation compared 
to duplex DNA. Chem. Res. Toxicol. 2013, 26, 593-607. 
22. Sheu, C.; Foote, C. S., Endoperoxide formation in a guanosine derivative. J. Am. 
Chem. Soc. 1993, 115, 10446-10447. 
23. Devasagayam, T. P.; Steenken, S.; Obendorf, M. S.; Schulz, W. A.; Sies, H., 
Formation of 8-hydroxy (deoxy) guanosine and generation of strand breaks at guanine 
residues in DNA by singlet oxygen. Biochemistry 1991, 30, 6283-6289. 
24. Martinez, G. R.; Ravanat, J. L.; Cadet, J.; de Medeiros, M. H. G.; Di Mascio, P., 
Spiroiminodihydantoin nucleoside formation from 2′-deoxyguanosine oxidation by 
[18O-labeled] singlet molecular oxygen in aqueous solution. J. Mass Spectrom. 2007, 
42, 1326-1332. 
25. McCallum, J. E.; Kuniyoshi, C. Y.; Foote, C. S., Characterization of 5-hydroxy-8-
oxo-7, 8-dihydroguanosine in the photosensitized oxidation of 8-oxo-7, 8-
dihydroguanosine and its rearrangement to spiroiminodihydantoin. J. Am. Chem. Soc. 
2004, 126, 16777-16782. 
		
272 
26. Peres, P. S.; Valerio, A.; Cadena, S. M.; Winnischofer, S. M.; Scalfo, A. C.; Di 
Mascio, P.; Martinez, G. R., Glutathione modifies the oxidation products of 2'-
deoxyguanosine by singlet molecular oxygen. Arch. Biochem. Biophys. 2015, 586, 33-
44. 
27. Ravanat, J.-L.; Cadet, J., Reaction of singlet oxygen with 2'-deoxyguanosine and 
DNA. Isolation and characterization of the main oxidation products. Chem. Res. Toxicol. 
1995, 8, 379-388. 
28. Ravanat, J.-L.; Sauvaigo, S.; Caillat, S.; Martinez, G. R.; Medeiros, M. H.; 
Mascio, P. D.; Favier, A.; Cadet, J., Singlet oxygen-mediated damage to cellular DNA 
determined by the comet assay associated with DNA repair enzymes. Biol. Chem. 
2004, 385, 17-20. 
29. Ravanat, J. L.; Saint-Pierre, C.; Di Mascio, P.; Martinez, G. R.; Medeiros, M. H.; 
Cadet, J., Damage to isolated DNA mediated by singlet oxygen. Helv. Chim. Acta 2001, 
84, 3702-3709. 
30. Xu, X.; Muller, J. G.; Ye, Y.; Burrows, C. J., DNA−protein cross-links between 
guanine and lysine depend on the mechanism of oxidation for formation of C5 vs C8 
guanosine adducts. J. Am. Chem. Soc. 2008, 130, 703-709. 
31. Niles, J. C.; Wishnok, J. S.; Tannenbaum, S. R., Spiroiminodihydantoin is the 
major product of the 8-oxo-7, 8-dihydroguanosine reaction with peroxynitrite in the 
presence of thiols and guanosine photooxidation by methylene blue. Org. Lett. 2001, 3, 
963-966. 
32. Ye, Y.; Muller, J. G.; Luo, W.; Mayne, C. L.; Shallop, A. J.; Jones, R. A.; Burrows, 
C. J., Formation of 13C-, 15N-, and 18O-labeled guanidinohydantoin from guanosine 
		
273 
oxidation with singlet oxygen. Implications for structure and mechanism. J. Am. Chem. 
Soc. 2003, 125, 13926-13927. 
33. Cadet, J.; Douki, T.; Gasparutto, D.; Ravanat, J.-L., Oxidative damage to DNA: 
Formation, measurement and biochemical features. Mutat. Res. Fund. Mol. Mech. Mut. 
2003, 531, 5-23. 
34. Fleming, A. M.; Armentrout, E. I.; Zhu, J.; Muller, J. G.; Burrows, C. J., 
Spirodi(iminohydantoin) products from oxidation of 2'-deoxyguanosine in the presence 
of NH4Cl in nucleoside and oligodeoxynucleotide contexts. J. Org. Chem. 2015, 80, 
711-721. 
35. Sun, Y.; Lu, W.; Liu, J., Exploration of the singlet O2 oxidation of 8-oxoguanine 
by guided-ion beam scattering and density functional theory: Changes of reaction 
intermediates, energetics, and kinetics upon protonation/deprotonation and hydration. J. 
Phys. Chem. B 2017, 121, 956-966. 
36. Morin, B.; Cadet, J., Chemical aspects of the benzophenone-photosensitized 
formation of two lysine-2'-deoxyguanosine cross-links. J. Am. Chem. Soc. 1995, 117, 
12408-12415. 
37. Morin, B.; Cadet, J., Type I benzophenone-mediated nucleophilic reaction of 5'-
amino-2',5'-dideoxyguanosine. A model system for the investigation of photosensitized 
formation of DNA-protein cross-links. Chem. Res. Toxicol. 1995, 8, 792-799. 
38. Zhitkovich, A.; Voitkun, V.; Costa, M., Formation of the amino acid−DNA 
complexes by hexavalent and trivalent chromium in vitro: Importance of trivalent 
chromium and the phosphate group. Biochemistry 1996, 35, 7275-7282. 
		
274 
39. Nguyen, K. L.; Steryo, M.; Kurbanyan, K.; Nowitzki, K. M.; Butterfield, S. M.; 
Ward, S. R.; Stemp, E. D. A., DNA−protein cross-linking from oxidation of guanine via 
the flash−quench technique. J. Am. Chem. Soc. 2000, 122, 3585-3594. 
40. Chakrabarti, S. K.; Bai, C.; Subramanian, K. S., DNA–protein crosslinks induced 
by nickel compounds in isolated rat lymphocytes: Role of reactive oxygen species and 
specific amino acids. Toxicol. Appl. Pharmacol. 2001, 170, 153-165. 
41. Kurbanyan, K.; Nguyen, K. L.; To, P.; Rivas, E. V.; Lueras, A. M. K.; Kosinski, C.; 
Steryo, M.; González, A.; Mah, D. A.; Stemp, E. D. A., DNA−protein cross-linking via 
guanine oxidation:  Dependence upon protein and photosensitizer†. Biochemistry 2003, 
42, 10269-10281. 
42. Johansen, M. E.; Muller, J. G.; Xu, X.; Burrows, C. J., Oxidatively induced 
DNA−protein cross-linking between single-stranded binding protein and 
oligodeoxynucleotides containing 8-oxo-7,8-dihydro-2‘-deoxyguanosine. Biochemistry 
2005, 44, 5660-5671. 
43. Sun, G.; Fecko, C. J.; Nicewonger, R. B.; Webb, W. W.; Begley, T. P., 
DNA−protein cross-linking:  Model systems for pyrimidine−aromatic amino acid cross-
linking. Org. Lett. 2006, 8, 681-683. 
44. Solivio, M. J.; Joy, T. J.; Sallans, L.; Merino, E. J., Copper generated reactive 
oxygen leads to formation of lysine–DNA adducts. J. Inorg. Biochem. 2010, 104, 1000-
1005. 
45. Wickramaratne, S.; Mukherjee, S.; Villalta, P. W.; Schärer, O. D.; Tretyakova, N. 
Y., Synthesis of sequence-specific DNA–protein conjugates via a reductive amination 
strategy. Bioconjugate Chem. 2013, 24, 1496-1506. 
		
275 
46. Petrova, K. V.; Millsap, A. D.; Stec, D. F.; Rizzo, C. J., Characterization of the 
deoxyguanosine–lysine cross-link of methylglyoxal. Chem. Res. Toxicol. 2014, 27, 
1019-1029. 
47. Silerme, S.; Bobyk, L.; Taverna-Porro, M.; Cuier, C.; Saint-Pierre, C.; Ravanat, 
J.-L., DNA-polyamine cross-links generated upon one electron oxidation of DNA. Chem. 
Res. Toxicol. 2014, 27, 1011-1018. 
48. Uvaydov, Y.; Geacintov, N. E.; Shafirovich, V., Generation of guanine-amino acid 
cross-links by a free radical combination mechanism. Phys. Chem. Chem. Phys. 2014, 
16, 11729-11736. 
49. Strniste, G. F.; Rall, S. C., Induction of stable protein-deoxyribonucleic acid 
adducts in Chinese hamster cell chromatin by ultraviolet light. Biochemistry 1976, 15, 
1712-1719. 
50. Blazek, E. R.; Hariharan, P. V., Alkaline elution studies of hematoporphyrin-
derivative photosensitized DNA damage and repair in chinese hamster ovary cells. 
Photochem. Photobiol. 1984, 40, 5-13. 
51. Ramakrishnan, N.; Clay, M. E.; Xue, L. Y.; Evans, H. H.; Rodriguezantunez, A., 
Induction of DNA-protein cross-links in Chinese hamster cells by the photodynamic 
action of chloroaluminum phthalocyanine and visible light. Photochem. Photobiol. 1988, 
48, 297-303. 
52. Altman, S. A.; Zastawny, T. H.; Randers-Eichhorn, L.; Cacciuttolo, M. A.; Akman, 
S. A.; Dizdaroglu, M.; Rao, G., Formation of DNA-protein cross-links in cultured 
mammalian cells upon treatment with iron ions. Free Radical Biol. Med. 1995, 19, 897-
902. 
		
276 
53. Barker, S.; Weinfeld, M.; Murray, D., DNA–protein crosslinks: Their induction, 
repair, and biological consequences. Mutat. Res. 2005, 589, 111-135. 
54. Thapa, B.; Munk, B. H.; Burrows, C. J.; Schlegel, H. B., Computational study of 
the radical mediated mechanism of the formation of C8, C5 and C4 guanine:Lysine 
adducts in presence of the benzophenone photosensitizer. Chem. Res. Toxicol. 2016, 
29, 1396–1409. 
55. Bernardi, F.; Bottoni, A.; Olivucci, M.; Robb, M. A.; Schlegel, H. B.; Tonachini, G., 
Do supra-antara paths really exist for 2+2 cycloaddition reactions? Analytical 
computation of the MC-SCF Hessians for transition states of ethylene with ethylene, 
singlet oxygen, and ketene. J. Am. Chem. Soc. 1988, 110, 5993-5995. 
56. Jursic, B. S.; Zdravkovski, Z., Reaction of imidazoles with ethylene and singlet 
oxygen. An ab initio theoretical study. J. Org. Chem. 1995, 60, 2865-2869. 
57. Bobrowski, M.; Liwo, A.; Oldziej, S.; Jeziorek, D.; Ossowski, T., CAS 
MCSCF/CAS MCQDPT2 study of the mechanism of singlet oxygen addition to 1, 3-
butadiene and benzene J. Am. Chem. Soc. 2000, 122, 8112-8119. 
58. Sevin, F.; McKee, M. L., Reactions of 1,3-cyclohexadiene with singlet oxygen. A 
theoretical study. J. Am. Chem. Soc. 2001, 123, 4591-4600. 
59. Leach, A. G.; Houk, K. N., Diels–alder and ene reactions of singlet oxygen, 
nitroso compounds and triazolinediones: Transition states and mechanisms from 
contemporary theory. Chem. Commun. 2002, 1243-1255. 
60. Singleton, D. A.; Hang, C.; Szymanski, M. J.; Meyer, M. P.; Leach, A. G.; 
Kuwata, K. T.; Chen, J. S.; Greer, A.; Foote, C. S.; Houk, K. N., Mechanism of ene 
		
277 
reactions of singlet oxygen. A two-step no-intermediate mechanism. J. Am. Chem. Soc. 
2003, 125, 1319-1328. 
61. Chien, S.-H.; Cheng, M.-F.; Lau, K.-C.; Li, W.-K., Theoretical study of the 
Diels−Alder reactions between singlet (1∆g) oxygen and acenes. J. Phys. Chem. A 
2005, 109, 7509-7518. 
62. Reddy, A. R.; Bendikov, M., Diels-alder reaction of acenes with singlet and triplet 
oxygen - theoretical study of two-state reactivity. Chem. Commun. 2006, 1179-81. 
63. Saito, T.; Nishihara, S.; Kataoka, Y.; Nakanishi, Y.; Matsui, T.; Kitagawa, Y.; 
Kawakami, T.; Okumura, M.; Yamaguchi, K., Transition state optimization based on 
approximate spin-projection (AP) method. Chem. Phys. Lett. 2009, 483, 168-171. 
64. Sonnenberg, J. L.; Hratchian, H. P.; Schlegel, H. B., Spin contamination in 
inorganic chemistry calculations. In Computational Inorganic and Bioinorganic 
Chemistry, Solomon, E. I. S., R. A.; King, R. B., Ed. Wiley: Chichester, 2009; pp 173-
186. 
65. Saito, T.; Nishihara, S.; Kataoka, Y.; Nakanishi, Y.; Kitagawa, Y.; Kawakami, T.; 
Yamanaka, S.; Okumura, M.; Yamaguchi, K., Reinvestigation of the reaction of ethylene 
and singlet oxygen by the approximate spin projection method. Comparison with 
multireference coupled-cluster calculations. J. Phys. Chem. A 2010, 114, 7967-7974. 
66. Song, X.; Fanelli, M. G.; Cook, J. M.; Bai, F.; Parish, C. A., Mechanisms for the 
reaction of thiophene and methylthiophene with singlet and triplet molecular oxygen. J. 
Phys. Chem. A 2012, 116, 4934-4946. 
		
278 
67. Bobrowski, M.; Liwo, A.; Oldziej, S.; Jeziorek, D.; Ossowski, T., CAS 
MCSCF/CAS MCQDPT2 study of the mechanism of singlet oxygen addition to 1, 3-
butadiene and benzene. J. Am. Chem. Soc. 2000, 122, 8112-8119. 
68. Grüber, R.; Monari, A.; Dumont, E., Stability of the guanine endoperoxide 
intermediate: A computational challenge for density functional theory. J. Phys. Chem. A 
2014, 118, 11612-11619. 
69. Dumont, E.; Grüber, R.; Bignon, E.; Morell, C.; Moreau, Y.; Monari, A.; Ravanat, 
J.-L., Probing the reactivity of singlet oxygen with purines. Nucleic Acids Res. 2016, 44, 
56-62. 
70. Dumont, E.; Grüber, R.; Bignon, E.; Morell, C.; Aranda, J.; Ravanat, J. L.; Tuñón, 
I., Singlet oxygen attack on guanine: Reactivity and structural signature within the 
B-DNA helix. Chem.- Eur. J. 2016, 22, 12358-12362. 
71. Méndez-Hurtado, J.; López, R.; Suárez, D.; Menéndez, M. I., Theoretical study of 
the oxidation of histidine by singlet oxygen. Chem. – Eur. J. 2012, 18, 8437-8447. 
72. Lu, W.; Teng, H.; Liu, J., How protonation and deprotonation of 9-methylguanine 
alter its singlet O2 addition path: About the initial stage of guanine nucleoside oxidation. 
Phys. Chem. Chem. Phys. 2016, 18, 15223-15234. 
73. Lu, W.; Liu, J., Capturing transient endoperoxide in the singlet oxygen oxidation 
of guanine. Chem. – Eur. J. 2016, 22, 3127-3138. 
74. Becke, A. D., Density-functional thermochemistry. III. The role of exact exchange. 
J. Chem. Phys. 1993, 98, 5648-5652. 
75. Becke, A. D., Density-functional exchange-energy approximation with correct 
asymptotic behavior. Phys. Rev. A 1988, 38, 3098-3100. 
		
279 
76. Lee, C.; Yang, W.; Parr, R. G., Development of the Colle-Salvetti correlation-
energy formula into a functional of the electron density. Phys. Rev. B 1988, 37, 785-
789. 
77. Iikura, H.; Tsuneda, T.; Yanai, T.; Hirao, K., A long-range correction scheme for 
generalized-gradient-approximation exchange functionals. J. Chem. Phys. 2001, 115, 
3540-3544. 
78. Chai, J.-D.; Head-Gordon, M., Long-range corrected hybrid density functionals 
with damped atom–atom dispersion corrections. Phys. Chem. Chem. Phys. 2008, 10, 
6615-6620. 
79. Ditchfield, R.; Hehre, W. J.; Pople, J. A., Self-consistent molecular-orbital 
methods. IX. An extended Gaussian-type basis for molecular-orbital studies of organic 
molecules. J. Chem. Phys. 1971, 54, 724-728. 
80. Hehre, W. J.; Ditchfield, R.; Pople, J. A., Self-consistent molecular orbital 
methods. XII. Further extensions of Gaussian-type basis sets for use in molecular 
orbital studies of organic molecules. J. Chem. Phys. 1972, 56, 2257-2261. 
81. Hariharan, P. C.; Pople, J. A., The influence of polarization functions on 
molecular orbital hydrogenation energies. Theor. Chim. Acta 1973, 28, 213-222. 
82. Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; DeFrees, 
D. J.; Pople, J. A., Self-consistent molecular orbital methods. XXIII. A polarization-type 
basis set for second-row elements. J. Chem. Phys. 1982, 77, 3654-3665. 
83. Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. V. R., Efficient 
diffuse function-augmented basis sets for anion calculations. III. The 3-21+G basis set 
for first-row elements, Li-F. J. Comput. Chem. 1983, 4, 294-301. 
		
280 
84. Marenich, A. V., Cramer, J. C., Truhlar, D. G., Universal solvation model based 
on solute electron density and on a continuum model of the solvent defined by the bulk 
dielectric constant and atomic surface tensions. J. Phys. Chem. B 2009, 113, 6378-
6396. 
85. Fukui, K., The path of chemical reactions - the IRC approach. Acc. Chem. Res. 
1981, 14, 363-368. 
86. Hratchian, H. P.; Schlegel, H. B., Chapter 10 - Finding minima, transition states, 
and following reaction pathways on ab initio potential energy surfaces. In Theory and 
applications of computational chemistry, Scuseria, E. G.; Dykstra, C. E.; Frenking, G.; 
Kim, K. S., Eds. Elsevier: Amsterdam, 2005; pp 195-249. 
87. Kendall, R. A.; Dunning Jr, T. H.; Harrison, R. J., Electron affinities of the first-row 
atoms revisited. Systematic basis sets and wave functions. J. Chem. Phys. 1992, 96, 
6796-6806. 
88. Siegbahn, P.; Heiberg, A.; Roos, B.; Levy, B., A comparison of the super-ci and 
the newton-raphson scheme in the complete active space SCF method. Phys. Scr. 
1980, 21, 323. 
89. Roos, B. O.; Taylor, P. R.; Siegbahn, P. E., A complete active space SCF 
method (CASSCF) using a density matrix formulated super-CI approach. Chem. Phys. 
1980, 48, 157-173. 
90. Roos, B. O., The complete active space SCF method in a Fock-matrix-based 
super-CI formulation. Int. J. Quantum Chem. 1980, 18, 175-189. 
		
281 
91. Olsen, J.; Roos, B. O.; Jo, P.; Jo, H., Determinant based configuration interaction 
algorithms for complete and restricted configuration interaction spaces. J. Chem. Phys. 
1988, 89, 2185-2192. 
92. Bartlett, R. J., Many-body perturbation theory and coupled cluster theory for 
electron correlation in molecules. Annu. Rev. Phys. Chem. 1981, 32, 359-401. 
93. Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M., A fifth-order 
perturbation comparison of electron correlation theories. Chem. Phys. Lett. 1989, 157, 
479-483. 
94. Handy, N. C.; Pople, J. A.; Head-Gordon, M.; Raghavachari, K.; Trucks, G. W., 
Size-consistent brueckner theory limited to double substitutions. Chem. Phys. Lett. 
1989, 164, 185-192. 
95. Angeli, C.; Cimiraglia, R.; Evangelisti, S.; Leininger, T.; Malrieu, J.-P., 
Introduction of n-electron valence states for multireference perturbation theory. J. 
Chem. Phys. 2001, 114, 10252-10264. 
96. Angeli, C.; Cimiraglia, R.; Malrieu, J.-P., N-electron valence state perturbation 
theory: A spinless formulation and an efficient implementation of the strongly contracted 
and of the partially contracted variants. J. Chem. Phys. 2002, 117, 9138-9153. 
97. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; G. E. Scuseria; Robb, M. A.; 
Cheeseman, J. R.; Scalmani, G.; Barone, V.; B. Mennucci; Petersson, G. A.; Nakatsuji, 
H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Janesko, B. G.; 
Lipparini, F.; G. Zheng; Sonnenberg, J. L.; Liang, W.; Hada, M.; Ehara, M.; K. Toyota, 
R. F.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; H. Nakai; Vreven, 
T.; J. A. Montgomery, J.; Peralta, J. E.; F. Ogliaro; Bearpark, M.; Heyd, J. J.; Brothers, 
		
282 
E.; Kudin, K. N.; V. N. Staroverov; Keith, T.; Kobayashi, R.; Normand, J.; Raghavachari, 
K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. 
M.; Klene, M.; Knox, J. E.; Cross, J. B.; V. Bakken; Adamo, C.; Jaramillo, J.; Gomperts, 
R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; 
Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, 
J. J.; Dapprich, S.; Parandekar, P. V.; N. J. Mayhall; Daniels, A. D.; Farkas, O.; 
Foresman, J. B.; J. V. Ortiz; Cioslowski, J.; Fox, D. J.; Gaussian Development Version; 
H.35; Gaussian; Inc.; Wallingford; CT, 2014. 
98. Neese, F., The orca program system. WIREs Comput .Mol. Sci. 2012, 2, 73-78. 
99. Lissi, E.; Encinas, M.; Lemp, E.; Rubio, M., Singlet oxygen O2 (1∆g) bimolecular 
processes. Solvent and compartmentalization effects. Chem. Rev. 1993, 93, 699-723. 
100. Yamaguchi, K.; Takahara, Y.; Fueno, T.; Houk, K., Extended Hartree-Fock (EHF) 
theory of chemical reactions. Theor. Chim. Acta 1988, 73, 337-364. 
101. Yamaguchi, K.; Okumura, M.; Mori, W.; Maki, J.; Takada, K.; Noro, T.; Tanaka, 
K., Comparison between spin restricted and unrestricted post-Hartree-Fock calculations 
of effective exchange integrals in Ising and Heisenberg models. Chem. Phys. Lett. 
1993, 210, 201-210. 
102. Yamanaka, S.; Okumura, M.; Nakano, M.; Yamaguchi, K., EHF theory of 
chemical reactions part 4. UNO CASSCF, UNO CASPT2 and R(U)HF coupled-cluster 
(CC) wavefunctions. J. Mol. Struct. 1994, 310, 205-218. 
103. Ashford, R.; Ogryzlo, E., Arrhenius parameter for some gas-phase cycloaddition 
reactions of singlet molecular oxygen. Can. J. Chem. 1974, 52, 3544-3548. 
		
283 
104. Chien, S.-H.; Cheng, M.-F.; Lau, K.-C.; Li, W.-K., Theoretical study of the diels-
alder reactions between singlet (1∆g) oxygen and acenes. J. Phys. Chem. A 2005, 109, 
7509-7518. 
105. Munk, B. H.; Burrows, C. J.; Schlegel, H. B., An exploration of mechanisms for 
the transformation of 8-oxoguanine to guanidinohydantoin and spiroiminodihydantoin by 
density functional theory. J. Am. Chem. Soc. 2008, 130, 5245-5256. 
 
 
	 
284 
CHAPTER 11:  COMPUTATIONAL STUDY OF THE FORMATION OF C8, 
C5, AND C4 GUANINE:LYSINE ADDUCTS VIA SEQUENTIAL ONE-
ELECTRON OXIDATION OF GUANINE BY SULFATE RADICAL 
11.1  Introduction 
Oxidatively generated damage to DNA is thought to be responsible for a variety 
of biological effects including carcinogenesis, mutagenesis, cell aging and cell death.1-4 
Oxidatively induced damage can result in a variety of changes to DNA including 
nucleobase modifications, nucleobase deletions, strand breaks, and the formation of 
DNA-protein crosslinks (DPCs).  DPCs may be produced via exposure to a variety of 
endogenous and exogenous agents such as formaldehyde, ultraviolet light, ionizing 
radiation, metalloids, and certain chemotherapeutic agents (e.g., cisplatin and 
mitomycin C).5 DPCs are predicted to interfere with a number of DNA metabolic 
processes including transcription, replication and repair.  In human white blood cells, 
DPC levels range from 0.5 to 4.5 cross-links per 107 bases.6 Oxidative damage to cells 
resulting from oxidation induced by ionizing radiation is estimated to result in the 
formation of 150 DPCs per cell per Gy, significantly higher than the rates of DNA double 
strand breaks or DNA-DNA crosslinks.5 In vivo studies conducted in mice indicated that 
the level of DPCs found in the liver, brain and heart increased with age and were 
correlated with the level of 8-oxo-7,8-dihydroguanine (8-oxoG), a biomarker for 
oxidative stress.6  
DPC formation has been observed under a variety of oxidative conditions and the 
various mechanisms involved in their formation have been the subject of study by 
several experimental groups.7-23 Guanine is the most easily oxidized of the 
nucleobases. Under the oxidative conditions, it is well established that guanine 
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undergoes oxidation to form 8-oxoG which can be oxidized further to 
guanidinohydantoin (Gh) and spiroiminodihydantoin (Sp).20, 24-29 Numerous in vitro 
studies have shown that covalent adducts can be formed between guanine oxidation 
products and proteins such as histone or lysine.4, 9, 11-14, 16, 17, 21, 30-35 Morin and Cadet30 
have demonstrated the formation of C8 guanine:lysine crosslinks in a model system 
with lysine tethered to the sugar of 2’-deoxyguanosine.  In the presence of strong 
oxidizing agents such as HOCl, ONOO- and other one electron oxidants, Burrows and 
coworkers found crosslinks between the lysine side chains in single strand binding 
protein and C5 of 8oxoG.11 Using TGT oligonucleotide and trilysine, Perrier et al. 
obtained guanine:lysine crosslink at C8 and C5 via riboflavin photosensitizated 
oxidation.36 Silerme et al.16 found that the formation of C8 polyamine:guanine crosslinks 
in double stranded DNA was more efficient than the addition of water to form 8oxoG. 
Burrows and coworkers13 have used oxidizing agents such as type I and type II 
photosensitizers, sulfate radical and Ir(Cl)62-to study the formation of C5 and C8 
crosslinks between lysine and 2’-deoxyguanosine, and observed that the distribution of 
the final crosslinked products depended on the nature of the oxidizing agents. Some of 
the structures associated with the formation of guanine:lysine adducts are shown in 
Scheme 11.1. In the present computational study, we hope to shed some light on this 
dependence of crosslink products on the oxidizing agents. We have examined the 
formation of guanine:lysine crosslinks by oxidation with sulfate radical and compared 
the distribution of products with oxidation mediated by benzophenone photosensitization 
described in Chapter 10. 
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Burrows and coworkers13 found that the major product produced with type I 
photosensitizer such as benzophenone (continuous irradiation for 20 hours) was 
spiroiminodihydantoin with lysine added at the guanine C8 position, 8-Lys-Sp.  When 
type II photosensitizers such as Rose Bengal or methylene blue were used in the 
presence of lysine (continuous irradiation for 3 hours), the product was exclusively 5-
Lys-Sp.  Singlet oxygen generated from type II photosensitizers reacts via a [4+2] 
cycloaddition14 to form an 8-oxoGox intermediate.  Nucleophilic addition of lysine at the 
C5 position produces 5-Lys-Gox and migration of the carbonyl group forms 5-Lys-Sp.  
By contrast, reactions with strong oxidants (such as excess Na2IrCl6 for 30 minutes or 
excess sulfate radicals from continuous irradiation of K2S2O8 for 6 hours)13 produce a 
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mixture containing products with at least 60% of 5-Lys-Sp and smaller amounts (~30%) 
of 8-Lys-Sp and a little with lysine added at both the C5 and C8 positions, 5,8-diLys-
Sp.   
Computational and experimental studies of C-8 adducts of guanine have been 
reviewed recently.37, 38 The number of computational studies related to guanine:lysine 
adducts is very limited.35, 39 The formation of 8-aminoguanine has been studied both 
computationally and experimentally.40, 41 Jena and Mishra35 have studied the gas phase 
geometries and stabilities of complexes of guanine and lysine in different charge states.  
At the B3LYP/aug-cc-pVDZ and MP2/6-31G(d,p) levels of theory, they found that the 
spin and charge in a guanine:lysine radical cation complex were concentrated on the 
guanine subunit.   
In Chapter 10, we examined the formation of guanine:lysine adducts during the oxidation 
of guanine by triplet benzophenone.  Experimental studies of Burrows and coworkers find quite 
different ratios of guanine:lysine adducts when strong oxidants such as sulfate radical and 
Na2IrCl6 are used.13 In the present work, we use density functional theory (DFT) calculations to 
explore the formation of substituted spiroiminodihydantoins resulting from guanine oxidation by 
sulfate radical anion. In Chapter 9 we considered the adduct formation during guanine oxidation 
with singlet oxygen produced by type II photosensitizers.  As in the previous study, lysine is 
modeled by methylamine and additions to purine C8, C5 and C4 positions are considered. Key 
transition states along pathways have been located, and the pKa’s and reduction potentials (Eo) 
of various intermediates have been calculated. The relative energies of various radical, radical 
cation, and neutral intermediates along each pathway are discussed and compared to the 
experimental results of Xu et al.13  
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Scheme 11.2 Oxidation of guanine and formation of lysine/methylamine substituted 
spiroiminodihydantoin (Sp). 
 
11.2  Computational Methods 
Molecular orbital calculations were carried out with the development version of 
the Gaussian42 series of programs. As in our previous studies of the oxidation of 
guanine to form Sp and Gh, and calculations the pKa’s and reduction potentials of 
intermediates in the oxidation of guanine,26, 43, 44 we have used the B3LYP density 
functional. Optimized geometries and energies were computed with B3LYP45, 46 using 
the 6-31+G(d,p)47-49 and aug-cc-pVTZ50 basis sets. Our previous computational studies 
with 8-hydroxy-7,8-dihydroguanyl radical (8-OH-Grad) indicated that the potential 
energy profiles of adducts substituted at N9 with methyl, hydroxymethyl and 
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methoxyethyl were similar to those observed with hydrogen as the substituent.26, 51 
Therefore, the model compounds for the calculations were the guanine and 8-oxoG 
nucleobases with hydrogen as the substituent at N9.  There was noticeable change in 
the geometries for some molecules optimized in the gas phase compared to those 
optimized in the solution; therefore, all geometries were optimized in aqueous solution 
using the B3LYP/6-31+G(d,p) level of theory with the SMD52 solvation method. In order 
to achieve higher accuracy, single point energies were calculated at the B3LYP/aug-cc-
pVTZ50 level of theory using the geometry in solution. Vibrational frequencies were 
computed in order to test that the optimized geometries are the minimum or transition 
states on the potential energy surface. Transition states were checked to verify that they 
had only one imaginary frequency and a suitable transition vector. Intrinsic Reaction 
Coordinate (IRC)53, 54 calculations were carried out for selected transition states to 
confirm that they connected the appropriate reactants and products. Test calculations 
showed that the barrier heights for H2O and CH3NH2 addition to guanine radical were 
within few kcal/mol of those calculated with more recently developed functionals such 
as wB97XD. Thermal corrections and enthalpies were calculated by standard statistical 
thermodynamic methods using the unscaled B3LYP frequencies and the ideal gas / 
rigid rotor / harmonic oscillator approximations.  Acceptable accuracy of energetics in 
aqueous solution can be achieved without the use of thermodynamic cycles.55, 56 The 
energy in solution is calculated as the sum of the electronic energy and solvation energy 
calculated at SMD/B3LYP/aug-cc-pVTZ//SMD/B3LYP/6-31+G(d,p), the zero point 
energy (ZPE) and thermal corrections for enthalpy at B3LYP/6-31+G(d,p). 
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For computational efficiency, the sidechain of lysine was modeled by 
methylamine (i.e. R = CH3 in all of the schemes and figures).   For the reactions 
involving deprotonation and protonation, imidazole and imidazolium were used as 
proton accepter and donor, respectively. Since imidazole has a pKa of 6.9, transferring a 
proton to/from imidazole/imidazolium is the computational equivalent of using a pH7 
buffer solution. Transition states involving the addition of methylamine to an imine bond 
and proton transfer from the methylamine to the guanine subunit were modeled with 
one explicit molecule of water assisting the proton transfer.  The transition states thus 
formed were six-membered rather than four-membered ring systems and therefore 
represent a lower energy pathway.  Given the known acidity of the HSO4 radical anion, 
one electron oxidation of guanine with sulfate radical anion was modeled assuming that 
the reduction of sulfate radical anion produced sulfate dianion (Eo 1.96 V calc. vs 2.43 
exp.57). A solvent cavity scaling factor of value 0.90 was used for the sulfate dianion to 
compensate for the error in the SMD calculated solvation energy for the dianion; the 
solvent cavity was not scaled for any of the other species. For processes involving 
deprotonation reactions or proton coupled electron transfer, imidazole (pKa = 6.86 calc. 
vs 6.9 exp.) was used as a proton acceptor. Transferring a proton to/from 
imidazole/imidazolium is the computational equivalent of using a pH7 buffer solution 
since imidazole has a pKa of 6.9. The atom numbering for purine nucleobases is shown 
in Scheme 11.3. 
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Scheme 11.3 Atom numbering for purine nucleobases 
 
Various methods for calculating pKa have recently been reviewed by Ho and 
Coote.58, 59 For the calculation of pKa and redox potential, we have used the method 
similar to the one reported in our earlier papers.55, 60 For a deprotonation reaction, 
 BH($%) = X($%)- + H($%)+  
 
(1)  
the pKa is given by: 
 pK# = ∆G'()*+,,(#/)2.303	RT  
 
(2) 
where ∆G#$%&'(,(+,)  , R and T are the solution phase Gibbs free energy of deprotonation, 
the gas constant, and the temperature respectively. The solution phase deprotonation 
free energy is given by: 
 ∆G#$%&'(, *+ = G--, *+ +	G12, *+ -	G-1, *+  
 
(3) 
G"#, %&   is the Gibbs free energy of the proton in aqueous solution, which can be 
expressed as: 
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 G"# $% = G"#(()* +	∆G./01→.3 + ∆G"#($%)*  
 
(4) 
where G"#(%)'   is the gas phase standard free energy of a proton, ∆G#$%&→#(   is the 
change in free energy for the change in standard states from 1 atm to 1M and ∆G#$(&')*    
is the solvation energy of a proton. Superscripts (º) and (*) represent the standard state 
in gas and solution phase respectively. For the calculations, the aqueous solvation free 
energy of a proton, ∆G#$,('()*   = 265.9 kcal/mol is taken from the literature.61-64 The gas 
phase standard free energy of a proton, G"#(%)'   = -6.287 kcal/mol at 298 K, is derived 
from the equation G"#	(&)( = 	H"#(&)( -	TS"#(&)(   with H"#(%)' = 5 2 RT =  1.48 kcal/mol and 
S"#(%)'   = 26.05 cal/(mol K).65, 66 
The standard reduction potential for a reaction, 
 X(#$)&' + n	e(,)- ∆/012,(45)* 	X(#$) 
 
(5) 
is given by: 
 !"#$(&')) = 	 - ∆."#$(&')*01 -23! 
 
(6) 
where ∆G#$%,(())*   , n, F and SHE are the standard free energy change for the reduction 
reaction in solution, the number of electrons involved in the reaction, the Faraday 
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constant (23.06 kcal/mol V) and the absolute potential of the standard hydrogen 
electrode (4.281 V, obtained from the free energy of aqueous H+).61-64 The standard free 
energy change for the above reaction in solution is,  
 ∆G#$%('()* = 	G-('()* -G-/0 '(* -n	G$-(2)*  
 
(7) 
where G"-(%)*   = -0.867 kcal/mol is the free energy of an electron at 298 K, obtained on the 
basis of Fermi-Dirac statistics using H"-(%)'   = 0.752 kcal/mol and 	S#-(&)(   = 5.434 cal/(mol 
K).65, 66 
11.3  Result and discussion 
The pathways for the formation of mono- and di-lysine substituted 
spiroiminodihydantoin (Sp) adducts are divided into three groups based on the site of 
initial nucleophilic addition to guanine (water or lysine adding to C8, C5 or C4 of 
guanine (Scheme 11.2, see Scheme 11.3 for numbering). To reduce the cost and 
complexity of the calculations, methylamine (calc. E7 = 1.37 V, calc. E10 = 1.04 V) was 
used as a model for the sidechain of lysine (calc. E7 = 1.39 V, calc. E10 = 1.03 V, exp. 
E10 ~ 1.00 V(ref)). The most probable low energy pathways for the formation of these 
adducts in aqueous solution are shown in Scheme 11.4-9. The sequential one electron 
oxidation of guanine starts with the abstraction of an electron from guanine by sulfate 
radical anion (Eo = 2.43 V) and forms guanine radical cation, Gradcat (Eo = 1.22 V). In 
near physiological pH, this one electron oxidation is followed by deprotonation since 
Gradcat has a calculated pKa of 3.74. Guanine radical, Grad can be oxidized further to 
form oxidized guanine cation, Goxcat, (Eo = 1.74 V, E7 = 1.63); given the 0.3 – 0.5 error 
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in the calculated redox potentials, Goxcat should still be produced with very strong 
oxidants like sulfate radical, but possibly not by weaker oxidants. Near physiological pH, 
oxidized guanine cation (Goxcat, pKa = 5.08) readily loses a proton from N2 to form 
neutral oxidized guanine, Gox.  The addition of methylamine and water has been 
considered for each of these four oxidized species: guanine radical cation (Gradcat), 
neutral guanine radical (Grad), oxidized guanine cation (Goxcat) and neutral oxidized 
guanine (Gox). Further oxidation of the initial adduct is followed by a second nucleophilic 
addition and rearrangement reactions to form the substituted spiroiminodihydantoin. 
11.3.1  C8 addition of methylamine 
Scheme 11.4 outlines the low energy pathways of formation of C8 
guanine:methylamine crosslinks and the related thermodynamics are shown in Figure 
11.1. One-electron oxidation of neutral guanine (G) produces guanine radical cation 
(Gradcat). Addition of methylamine to C8 of Gradcat is barrier free forming 1, 8-
NH2CH3-guanine radical cation. This observation in good agreement with the 
experimental observation of higher nucleophilic addition reaction of water or other 
nucleophiles at the lower pH conditions.67, 68 1 can lose a proton from the nitrogen of 
NH2CH3 (∆H = -1.77 kcal/mol, pKa 5.29) to form 8-NHCH3-guanine radical 4, or can 
undergo water assisted tautomerization with the transfer of H from NH2CH3 to N7 of the 
guanine radical cation to form 2, 8-NHCH3-guanine radical cation. This tautomerization 
of 1 has a barrier of 10 kcal/mol to form a slightly more stable product (∆H = -3.2 
kcal/mol). Deprotonation of 2 can occur via loss of a proton from the N1 (pKa 8.15) or 
N7 (pKa 8.00) to form two neutral radical 8-NHCH3-guanine radical tautomers, 3 or 4, 
respectively. Deprotonation of Gradcat (calculated pKa = 3.74) occurs readily in neutral 
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solution and yield Grad. Water assisted addition of methylamine across the C8-N7 
double bond of the neutral guanine radical, Grad, is calculated to have a barrier of 7.3 
kcal/mol forming neutral 8-NHCH3-guanine radical intermediate, 3 (the corresponding 
barrier for NH3 addition 8.7 kcal/mol).  
In the presence of a strong oxidant such as sulfate radical, Grad can be oxidized 
further to Goxcat, which can lose a proton (pKa = 5.08) to form Gox. Methylamine 
addition to Goxcat is calculated to proceed without a barrier, producing 5 which 
undergoes spontaneous deprotonation to form the neutral intermediate, 7. Intermediate 
7 can also be formed by methylamine addition to neutral oxidized guanine Gox followed 
by tautomerization. Both of these two processes are calculated to have no barrier.  
Intermediate 7 is 28.5 kcal/mol less stable than 8, but can be converted to 8 by 
tautormerization of a proton from C8 to N1. Alternatively, proton coupled one electron 
oxidation by O2 or sulfate radical of 4 (loss of H from C8) results intermediates, 8 (Eo = -
1.04 V). Similarly, proton coupled oxidation of 3 followed by tautomerization leads to 8, 
the methylamino analogue of 8oxoG. 
Proton coupled electron transfer from 8 to 9 is calculated to be very favorable (Eo 
= -0.32 V, PCET) as it restores the planarity and aromaticity of the imidazole ring. 
Alternatively, 9 can also be formed when 4 undergoes two sequential one-electron 
oxidations and deprotonations. Further proton coupled electron transfer from neutral 
radical intermediate 9 produces neutral intermediate 10 (Eo = 0.79 V, PCET) 
In a second nucleophilic addition step, methylamine or water can add across the 
C5-N7 double bond of 10. The barrier for water assisted methylamine addition is 
calculated to be 12.0 kcal/mol and forms the 5,8-methylamine disubstituted 
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intermediate, 11. The water addition (assisted with another water) across the C5-N7 
double bond of 10 has a barrier of 27.6 kcal/mol and forms 8-NCH3, 5-OH oxidized 
guanine, 15. This barrier drops to 16.5 kcal/mol when assisted by two water molecules. 
Intramolecular acyl group migration in 11 and 15 followed by tautomerization forms the 
final spiroiminodihydantoin products, 5,8-diNHCH3-Sp (14) and 8-NHCH3-Sp (18), 
respectively. The barrier for the acyl group migration in 11 is lower for the neutral than 
for the deprotonated species, as shown in Scheme 11.4. As found in our earlier study, 26 
acyl group migration of 15 (pKa = 6.6) occurs only in deprotonated species. 
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Scheme 11.4 Possible pathways for the formation of guanine:methylamine adducts via 
sequential one-electron oxidations of guanine and nucleophilic attack of methylamine 
(R=CH3) at C8. Numbers next to the arrow correspond to pKa’s (pink, italics) and 
standard redox potentials (Eo) (blue, regular). The structures shown in red represent the 
thermodynamically favored pathway. 
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11.3.2  C8 addition of water 
Scheme 11.5 outlines the possible pathways for water addition at the C8 position 
of oxidized guanine, and the thermodynamics are shown in Figure 11.2. As in the case 
of NH2CH3 addition to C8, water can add to the four oxidized forms of guanine. Addition 
of water at the C8 position of Gradcat has a barrier of 12.3 kcal/mol and results in the 
exothermic (5 kcal/mol) formation of 8-OH-guanine radical cation intermediate, 19. Loss 
of a proton from N1 (pKa 6.65) or N7 (pKa 5.51) of the 19 yields 21 or 22, respectively. 
Removal of the proton from the C8 position of 19 is endothermic by 18.5 kcal/mol and 
yields the neutral radical, 20. A nucleophilic addition of a water molecule across the C8-
N7 double bond of Grad also produces 21. However, this addition reaction (assisted by 
one water) is calculated to have a barrier of 24.6 kcal/mol. Loss of a proton during a 
proton-coupled oxidation of 20 is calculated to prefer C8-OH (Eo = -2.28 V for PCET) 
over N7-H (Eo = -1.76 V for PCET), forming 23 and 24, respectively. Tautomerization of 
8-hydroxyguanine, 24, results in 8-oxoG (23), and is exothermic by 13.7 kcal/mol.  
Water addition to the oxidized guanine cation (Goxcat) is calculated to be barrier free 
and forms 25, which undergoes direct deprotonation from C8-H2O (pKa -20.44) to 
produce a neutral 8-OH-oxidized guanine, 27. 27 can also be formed via the barrier-free 
C8-N7 addition of water to the neutral oxidized guanine, Gox followed by a 
tautomerization reaction. Alternatively, 27 can be formed from 21 directly by PCET (Eo = 
0.24 V). Further water assisted tautomerization of 27 leads to the formation of the 
thermodynamically favored neutral products 8-hydroxyguanine (24) and 8-oxoG (23). 
Oxidation of 8-oxoG, followed by the loss of a proton from N7 (Eo = 0.98 V for PCET) or 
N1 (Eo = 1.20 V for PCET) forms two radicals, 28 or 29, respectively. A further one 
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electron oxidation of 28 (Eo = 0.96 V for PCET) or 29 (Eo = 0.75 V for PCET) followed by 
loss of another proton produces oxidized 8-oxoG, 8-oxoGox, 30.  
In a second nucleophilic addition, methylamine adds across the C5-N7 double 
bond of 30 without a barrier when the process is assisted with a water molecule. A 
similar process for water addition to 30 yielding 34 has a barrier of 16.2 kcal/mol 
assisted by one water, or 9.8 kcal/mol assisted by two waters. The methylamine adduct, 
31 can undergo acyl group migration from C5 to C4 in neutral or deprotonated forms to 
produce the final 5-methylamine spiroiminodihydantoin products 33 and 33’. Near 
physiological pH, acyl group migration in neutral 31 is favored over migration in 
deprotonated 31. By contrast, acyl group migration in the doubly water substituted 
intermediate 34 is calculated to occur via an anionic species formed by loss of proton 
from 5-OH (pKa = 6.25) or N7H (pKa = 6.81). Attempts at acyl migration in the neutral 
species, 34 lead to ring opening and formation of a very reactive isocyanate species. As 
found in our previous work,26 deprotonation of 34 followed by acyl group migration and 
reprotonation produces the final spirocyclic product, 36. 
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Scheme 11.5 Possible pathways for the formation of guanine:water adducts via 
sequential one-electron oxidations of guanine and nucleophilic attack of water at C8. 
Numbers next to the arrow correspond to pKa’s (pink, italics) and standard redox 
potentials (Eo) (blue, regular). The structures shown in red represent the 
thermodynamically favored pathway. 
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11.3.3  C5 addition of methylamine 
The C5 site of guanine is another potential starting position for the formation of a 
guanine:methylamine (or lysine) cross-link. Under similar oxidative conditions to those 
explored in this Chapter, experimental studies have shown that C5 is the most favored 
site for the crosslink formation. Possible pathways for methylamine addition to C5 are 
outlined in Scheme 11.6, and the thermodynamics of the low energy pathways are 
shown in Figure 11.3. As in the case of the C8 addition, nucleophilic addition of 
methylamine can occur with any of the four oxidized guanine species: guanine radical 
cation, Gradcat, guanine radical, Grad, oxidized guanine cation, Goxcat, or neutral 
oxidized guanine, Gox. Water-assisted addition of methylamine to the C5 of guanine 
radical cation is calculated to have a barrier of 24.4 kcal/mol to form the 5-NHCH3-
guanine radical cation, 37, which can undergo deprotonation from N1 (pKa = 9.44) or N7 
(pKa = 8.58) to form the neutral radical tautomers, 38 and 39, respectively. Further 
oxidation of 38 (Eo = -0.57 V) and 39 (Eo = -0.52 V) and deprotonation forms a 
thermodynamically favored common neutral intermediate 42. The neutral radical 
species 38 can also be formed by methylamine addition to Grad (water assisted barrier 
of 27.4 kcal/mol). Addition of methylamine to the C5 of the oxidized guanine cation 
(Goxcat) is calculated to be barrierless and is exothermic by 38.5 kcal/mol. 
Deprotonation of the resulting adduct, 40 (pKa = 0.40) yields 42. The barrier-free 
addition of methylamine to neutral oxidized guanine Gox followed by tautomerization 
also produces 42. 
The addition of water across the C8-N7 double bond of 42 is calculated to have a 
larger reaction barrier (22.8 kcal/mol) than methylamine addition (15.8 kcal/mol). The 
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methylamine addition intermediate, 43 can undergo two sequential one electron 
oxidations and deprotonations to form 46 or 11. Acyl group migration in 46 and 11 
produces the final, stable 5,8-diNHCH3-Sp tautomers, 14 and 14’, respectively. The 
addition of water across the C8-N7 double bond yields 48. Two sequential one electron 
oxidations and deprotonations of 48 produce a four electron oxidized 5-methylamine 
substituted 8-oxoG species, 31, which undergoes acyl group migration to form the final 
stable spirocyclic product, 5-NCH3-Sp (33). The acyl group migration is favored for 
neutral states of 46, 11 and 31 compared to their anionic states. 
11.3.4  C5 addition of water 
The mechanism for water addition to C5 in Scheme 11.7 and Figure 11.4 follows 
the same pattern as the addition of methylamine. Addition of water across the C8-N7 
double bond of the guanine radical cation (Gradcat) has a barrier of 33.2 kcal/mol and 
forms 55, which can deprotonate at N1 (pKa = 8.37) or N7 (pKa = 6.42) to form 56 or 57, 
respectively. These neutral radicals can undergo further proton coupled oxidation (Eo = 
-0.46 V and -0.34 V, resp.) to form intermediate 60. The neutral radical 56 can also be 
formed by water addition across the C8-N7 double bond of Grad with a barrier of 30.2 
kcal/mol. Addition of water to oxidized guanine cation (Goxcat) produces 58 which 
deprotonates immediately to form 60. The barrier free addition of water to neutral 
oxidized guanine, Gox followed by tautomerization also forms 60. 
The second nuclephilic addition of methylamine (assisted by one water molecule) 
across the C8-N7 double bond of 60 has a barrier of 11.1 kcal/mol and forms 61 
(exothermic by 10.1 kcal/mol). A similar addition of water has a barrier of 24.7 kcal/mol 
to form 67. As shown in Scheme 11.7, oxidation and loss of a proton from C8 of 61 is 
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more favorable (Eo = 0.60 for PCET) than loss of a proton from N7 (Eo = 1.63 for 
PCET), since C8-H loss restores partial planarity in 63. Proton coupled electron 
transfers from 62 and 63 produces two tautomers 64 and 15, resp. (with the former 
more stable by 2.7 kcal/mol). Acyl migration from C5 to C4 in intermediate 64 and 15 
followed by tautomerization produces the final 8-NHCH3-Sp products, 18 and 17, 
respectively. In a similar manner, two proton coupled oxidations of 67 produces a 
neutral 5,8-OH substituted intermediate, 70, that can undergo hydrogen rearrangement 
to form 5-OH-8-oxo guanine intermediate, 34. Acyl group migration of 34 leads to the 
formation of spiroiminodihydantoin, Sp (36). The neutral form is favored for acyl 
migration in 64 and 16 while deprotonated state is favored for 34. 
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Scheme 11.6 Possible pathways for the formation of guanine:methylamine adducts via 
sequential one-electron oxidations of guanine and nucleophilic attack of methylamine 
(R=CH3) at C5. Numbers next to the arrow correspond to pKa’s (pink, italics) and 
standard redox potentials (Eo) (blue, regular). The structures shown in red represent the 
thermodynamically favored pathway. 
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Scheme 11.7 Possible pathways for the formation of guanine:water adducts via 
sequential one-electron oxidations of guanine and nucleophilic attack of water at C5. 
Numbers next to the arrow correspond to pKa’s (pink, italics) and standard redox 
potentials (Eo) (blue, regular). The structures shown in red represent the 
thermodynamically favored pathway. 
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11.3.5  C4 addition of methylamine 
C4 lysine:guanine adducts were not isolated in any of the reported experimental 
studies, indicating that the barriers for key reactions are higher than for C8 and C5 
addition. Possible pathways for methylamine addition to C4 are shown in Scheme 11.8 
and Figure 11.5. Water-assisted methylamine addition to guanine radical cation 
(Gradcat) has a barrier of 24.4 kcal/mol to form 71 and is endothermic by 10.5 kcal/mol. 
Deprotonation of 71 yields two neutral radical tautomers 72 (pKa 7.33) and 73 (pKa 7.05) 
of comparable energy. 72 and 73 can undergo proton-coupled oxidation reactions to 
form a common zwitterionic intermediate, 76 (Eo = 0.70 V and 0.71 V, respectively). It is 
also possible to form a neutral diradical rather than a zwitterion, but the singlet diradical 
is higher in energy than the zwitterionic species. Addition of methylamine to the guanine 
radical (Grad) has a barrier of 30.6 kcal/mol to form 73. Addition to the oxidized guanine 
cation, Goxcat, is barrierless and forms 74 (∆H = -11.1 kcal/mol) which deprotonates 
(pKa = -0.38) to give the zwitterionic species, 76. 76 also be formed by methylamine 
addition across C4-N3 bond of Gox (8.2 kcal/mol) followed by tautomerization. 76 can 
tautomerize and undergo acyl migration to form the 4-methylamine substituted 
spirocyclic intermediate, 78. In a second nucleophilic addition step, methylamine or 
water can add across the C8-N7 double bond. The ring rearrangement reaction can 
also occur after the addition of second nucleophile but the barriers are calculated to be 
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4-8 kcal/mol higher. The methylamine addition (barrier height of 17.1 kcal/mol) is 
calculated to be more favored than water addition (barrier height of 21.4 kcal/mol). Both 
the methylamine adduct (79) and the water adduct (83) can undergo subsequent two 
proton-coupled oxidation reactions to produce the final products, 4,8-diNHCH3-Sp (82) 
and 4-NHCH3-Sp (87), respectively.  
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Scheme 11.8 Possible pathways for the formation of guanine:methylamine adducts via 
sequential one-electron oxidations of guanine and nucleophilic attack of methylamine 
(R=CH3) at C4. Numbers next to the arrow correspond to pKa’s (pink, italics) and 
standard redox potentials (Eo) (blue, regular). The structures shown in red represent the 
thermodynamically favored pathway. 
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11.3.6  C4 addition of water 
Scheme 11.9 shows the various possible pathways for water addition to an 
oxidized guanine intermediate at the C4 position and the Figure 11.6 summarizes the 
thermodynamics. Water addition to C4 follows almost the same pattern as for 
methylamine addition. In comparison to the water addition to the guanine radical cation 
(Gradcat), guanine radical (Grad), and oxidized guanine neutral (Gox) (barriers of 33.4, 
30.1, and 48.7 kcal/mol, resp.), addition of water to the oxidized guanine cation (Goxcat) 
has smaller barriers (8.5 kcal/mol). Loss of a proton from 88 (pKa = 4.10 for N1 and pKa 
= 5.53 for N3) produces neutral radicals, 89 and 90, respectively. Proton-coupled 
oxidation of 89 (Eo = 0.86, PCET) or 90 (Eo = 0.76, PCET) forms zwitterionic species, 
92. 92 can then tautomerize to form 93. 93 can also be formed by deprotonation of 91 
(pKa = 2.33) or tautomerization of 93’. 93 can undergo acyl migration to form the 
spirocyclic intermediate 94. Addition of methylamine across the C8-N7 double bond of 
94 has a barrier of 13.8 kcal/mol while water addition has a barrier of 24.0 kcal/mol and 
forms 95. Two sequential proton coupled electron transfer reactions form the final 
products, 4-oxo-8-NHCH3-Sp, 98 and 4,8-dioxo-Sp, 103, respectively. 
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Scheme 11.9 Possible pathways for the formation of guanine:water adduct at the C4 
position of guanine via sequential one-electron oxidation of guanine and nucleophilic 
attack of water at C4.  Numbers next to the arrow correspond to pKa’s (pink, italics) and 
standard redox potentials (Eo) (blue, regular). The structures shown in red represent the 
thermodynamically favored pathway. 
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11.4   Summary  
Potential energy surfaces have been mapped for the oxidation of guanine 
by sulfate radical followed by addition of methylamine and water leading to the 
formation of the mono- and di-methylamine substituted spiroiminodihydantion 
products.  The barriers for the first and second addition steps are listed in Table 
11.1. for singly and doubly oxidized guanine.  One-electron oxidation of guanine 
leads to guanine radical cation which deprotonates at physiological pH to form 
neutral guanine radical, Grad.  This pathway is the same as obtained for triplet 
benzophenone oxidation of guanine (also see Figure 10.743).  There are 
substantial barriers for the addition of methylamine and water at C-8, C-5 and C-
4.  The lowest barrier is for addition of methylamine at C-8 followed by addition of 
water or methylamine at C5 yielding C-8 monosubstituted Sp and C-5, C-8 
disubstituted Sp, respectively.  This is in accord with the experimental results for 
benzophenone mediated oxidation.  However, experiments using sulfate radical 
as an oxidant yields a large amount of C-5 substituted Sp. Sulfate radical is a 
strong oxidant that can oxidize Grad to Goxcat, which deprotonates at 
physiological pH to form neutral oxidized guanine, Gox.  The pathways for 
methylamine and water addition to Gox are summarized in Figure 11.7. There are 
no barriers for the addition of methylamine or water to Gox at C-8 and C-5, but 
there are significant barriers for addition at C-4.  This is in agreement with the 
absence of C-4 substituted products in the experimental results.13 After the 
barrierless addition of water at C-8 or C-5 of Gox, the barrier for the second 
addition is lower for methylamine than for water, yielding C-5 and C-8 
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monosubstituted Sp, respectively.  Since the second methylamine addition is 
barrierless for C-5 but not for C-8, C-5 substituted Sp should be more abundant 
than C-8 substituted Sp.  For initial addition of methylamine at C-5 of Gox, the 
barrier for a second addition is lower for methylamine, yielding C-5, C-8 
disubstituted Sp.  After methylamine addition at C-8 of Gox, the barrier for a 
second addition of methylamine is lower than for water, also producing C-5, C-8 
disubstituted Sp.  If the concentration of methylamine (or lysine) is lower that 
water, the amount of doubly substituted Sp should be significantly lower than the 
monosubstituted Sp. These results are in good accord with the experimentally 
observed yields of ~60% C-5 substituted, ~30% C-8 substituted and ~10% C-5, 
C-8 disubstituted Sp. However, this study did not include the possibility of 
oxidation of other chemical compounds present in the solution and their 
involvement in the oxidation of guanine, suggesting the need of further work. 
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Figure 11.1 Comparison of the relative enthalpies (kcal/mol) of adducts resulting from 
the addition of methylamine at the C8 position of guanine radical cation (Gradcat, red), 
guanine radical (Grad, black), oxidized guanine cation (Goxcat, green) and neutral 
oxidized guanine (Gox, blue) calculated at the SMD/B3LYP/aug-cc-
pVTZ//SMD/B3LYP/6-31+G(d,p) level of theory. On the right side of the figure, the red 
line corresponds to the addition of a second methylamine and the blue line corresponds 
to the addition of water (pathways followed by the anion are shown in dashed or dotted 
lines). The solid red line represents the most favored pathway. 
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Figure 11.2 Comparison of the relative enthalpies (kcal/mol) of adducts resulting from 
the addition of water at the C8 position of guanine radical cation (Gradcat, red), 
guanine radical (Grad, black), oxidized guanine cation (Goxcat, green) and neutral 
oxidized guanine (Gox, blue) calculated at the SMD/B3LYP/aug-cc-
pVTZ//SMD/B3LYP/6-31+G(d,p) level of theory. On the right side of the figure, the red 
line corresponds to the addition of a second methylamine and the blue line corresponds 
to the addition of water (pathways followed by the anion are shown in dashed or dotted 
lines). The solid red line represents the most favored pathway. 
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Figure 11.3 Comparison of the relative enthalpies (kcal/mol) of adducts resulting from 
the addition of methylamine at the C5 position of guanine radical cation (Gradcat, red), 
guanine radical (Grad, black), oxidized guanine cation (Goxcat, green) and neutral 
oxidized guanine (Gox, blue) calculated at the SMD/B3LYP/aug-cc-
pVTZ//SMD/B3LYP/6-31+G(d,p) level of theory. On the right side of the figure, the red 
line corresponds to the addition of a second methylamine and the blue line corresponds 
to the addition of water (pathways followed by the anion are shown in dashed or dotted 
lines). The solid red line represents the most favored pathway. 
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Figure 11.4 Comparison of the relative enthalpies (kcal/mol) of adducts resulting from 
the addition of water at the C5 position of guanine radical cation (Gradcat, red), 
guanine radical (Grad, black), oxidized guanine cation (Goxcat, green) and neutral 
oxidized guanine (Gox, blue) calculated at the SMD/B3LYP/aug-cc-
pVTZ//SMD/B3LYP/6-31+G(d,p) level of theory. On the right side of the figure, the red 
line corresponds to the addition of a second methylamine and the blue line corresponds 
to the addition of water (pathways followed by the anion are shown in dashed or dotted 
lines). The solid red line represents the most favored pathway. 
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Figure 11.5 Comparison of the relative enthalpies (kcal/mol) of adducts resulting from 
the addition of methylamine at the C4 position of guanine radical cation (Gradcat, red), 
guanine radical (Grad, black), oxidized guanine cation (Goxcat, green) and neutral 
oxidized guanine (Gox, blue) calculated at the SMD/B3LYP/aug-cc-
pVTZ//SMD/B3LYP/6-31+G(d,p) level of theory. On the right side of the figure, the red 
line corresponds to the addition of a second methylamine and the blue line corresponds 
to the addition of water. The solid red line represents the most favored pathway. 
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Figure 11.6 Comparison of the relative enthalpies (kcal/mol) of adducts resulting from 
the addition of water at the C4 position of guanine radical cation (Gradcat, red), 
guanine radical (Grad, black), oxidized guanine cation (Goxcat, green) and neutral 
oxidized guanine (Gox, blue) calculated at the SMD/B3LYP/aug-cc-
pVTZ//SMD/B3LYP/6-31+G(d,p) level of theory. On the right side of the figure, the red 
line corresponds to the addition of a second methylamine and the blue line corresponds 
to the addition of water. The solid red line represents the most favored pathway. 
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Figure 11.7 Summary of the pathways for the formation of guanine:methylamine 
crosslinks mediated by in presence of sulfate radical anion(R = CH3 and the numbers 
shown in blue correspond to the barrier for the addition reaction in kcal/mol). 
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Table 11.1 Summary of Barriers for Methylamine and Water Addition to Oxidized 
Guanine. 
Guanine First addition 
First 
Barrier Intermediate 
Second 
addition 
Second 
Barrier Product 
Grad C8-
RNH2 
7.3 
10 
RNH2 12.0 14 5,8-diNCH3 Sp 
Gox 0.0 H2O 16.5 18 8-NCH3 Sp 
        
Grad 
C8-H2O 
24.6 
30 
RNH2 0.0 33' 5-NCH3 Sp 
Gox 0.0 H2O 9.8 36 Sp 
        
Grad C5-
RNH2 
27.4 
42 
RNH2 15.8 14 5,8-diNCH3 Sp 
Gox 0.0 H2O 22.8 33' 5-NCH3 Sp 
        
Grad 
C5-H2O 
30.2 
60 
RNH2 11.1 18 8-NHCH3 Sp 
Gox 0.0 H2O 24.7 36 Sp 
        
Grad C4-
RNH2 
25.1 
78 
RNH2 17.1 82 4,8-diNCH3 Sp 
Gox 8.2 H2O 21.4 87 4-oxo,8-NCH3 Sp 
        
Grad 
C4-H2O 
30.1 
94 
RNH2 13.8 98 
4-oxo, 8-NCH3 
Sp 
Gox 48.7 H2O 24.0 103 4,8-dioxo Sp 
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CHAPTER 12:  CONCLUSIONS AND FUTURE DIRECTIONS 
The research included in the various chapters of this dissertation described the 
application of electronic structure calculations to problems in chemical physics, organic, 
and bio-organic chemistry. In particular, electronic structure calculations were used to 
study pKa’s and redox potentials, oxidative damage of nucleobases and the dynamics of 
small molecules in intense laser fields. Modern computational techniques were used as 
analytical tools for providing a deeper understanding of experimental observations and 
as predictive tools for generating new results. 
In Chapter 2, Born-Oppenheimer molecular dynamics (BOMD) simulations were 
performed to investigate the fragmentation and isomerization patterns of methanol 
monocation in strong laser fields on the ground state potential energy surface. The 
initial ionization of the neutral molecule by short, intense pulses was modeled by using 
singly ionized methanol, i.e. methanol monocation. Using ultrafast intense laser pulses 
with a field strength of 0.09 a.u. (2.86 x 1014 Wcm-2) applied for the first 40 fs, we 
investigated the distribution of isomerization and dissociation products of methanol 
monocations. Because the test simulations showed that ground-state methanol cation 
absorbed only a few kcal/mol from the 800 nm laser fields, the trajectory simulations 
were performed with initially added vibrational energies of 75, 100 and 125 kcal/mol. 
The loss of hydrogen (H) was the most abundant channel with accounting for 79-81% of 
the reactions for all sets of trajectories. H2 loss was found to be the second most 
frequent dissociation channel with 9-13% dissociation. Only 1-3% of the trajectories 
were isomerized forming CH2OH2+•. Experimental results showed that C−O dissociation 
occurred in a fraction of the CH3OH+• and CH2OH2+• molecules after the pulse. Only 3 
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out of a total of 3200 trajectories were seen to undergo CH2OH2+•  → CH2+• + H2O 
suggesting that some of the C−O dissociation processes may occur on excited state 
surfaces or are due to coupled nuclear-electron dynamics during the pump pulse. 
Future directions for this work can include trajectory simulations with Ehrenfest 
dynamics in an electric field to model coupled nuclear-electron dynamics of the 
molecules in an intense laser field. The nonadiabatic dynamics of the cationic state can 
also be modeled using methods such as multi-configurational ab initio calculations (e.g. 
CASSCF) with surface hopping to incorporate the contributions from different excited 
states. 
In Chapter 3 and 4, we investigated the strong field dynamics of CH3X+• (X= NH2, 
OH, and F) molecules in the mid-IR region. The dynamical behavior of methanol 
monocation in strong laser fields with the wavelength in optical range (800 nm) was 
compared the laser fields with wavelength in mid-IR range (7 µm) in Chapter 3. The 
wavelength of 7 µm was chosen to be close to the C-H bond bending frequency so that 
the interaction with the applied fields could be maximized. The direct interaction of mid-
IR laser fields with the molecular vibrations of CH3OH+ deposited enough energy to 
cause significant isomerization and dissociation on the ground-state surface. The 
amount of energy deposited by intense laser fields was calculated to be proportional to 
the intensity and the wavelength squared of the laser field, in agreement with the 
ponderomotive energy. Chapter 4 explored the effect of changes in potential energy 
surface on the isomerization and dissociation reactions driven by the laser field for 
CH3NH2+•, CH3OH+•, and CH3F+•. Born−Oppenheimer molecular dynamics on the 
ground-state potential energy surface were calculated with the CAM-B3LYP/6-31G(d,p) 
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level of theory for the cations in a four-cycle laser pulse (93 fs) with a wavelength of 7 
μm and intensities of 0.88 × 1014 and 1.7 × 1014 W/cm2. The amount of energy absorbed 
nearly doubled when the laser field was aligned along the C−X axis and, also when the 
field intensity was increased from of 0.88 × 1014  to 1.7 × 1014 W/cm2. Out of all the 
trajectories studied, dissociation after isomerization was observed only in CH3F+• 
(0−6%). The amount of CH3+ + X• dissociation for all three molecules was increased 
when the laser field was aligned along C-X bond. Alignment also
 
increased the 
branching ratio for isomerization in CH3OH+• and H2 elimination in CH3OH
+• and 
CH3NH2+•. In the future, the molecular dynamics of fragmentation and isomerization 
reactions because of the nuclear dynamics in strong laser fields can be also 
investigated by using circularly polarized light with a possibility of achieving different 
branching ratios.  
Knowledge of acid dissociation constants and redox potential is necessary to 
explore and understand the mechanism of oxidative damage to the DNA. A 
computational protocol for calculating the acid dissociation constants (pKa’s) and redox 
potentials while incorporating short-range solute-solvent interactions such as hydrogen 
bonding was developed in Chapter 5 and applied to the canonical nucleobases: 
guanine, adenine, cytosine, thymine, and uracil. The contribution to the total free energy 
from solvation was incorporated by using an implicit solvation model and a few explicit 
water molecules forming hydrogen bonds with the nucleobases. The effect of including 
the explicit waters on the calculated pKa’s involving cations and neutral was modest 
because the SMD solvation model itself yields rather good results for these systems. 
For the pKa’s involving neutrals and anions, including a few explicit water molecules 
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significantly improved the calculated pKa’s by lowering the mean absolute error (MAE) 
from 4.6 pKa units for SMD implicit solvation with no explicit water to 1.6 pKa units for 
SMD with four explicit water molecules. The standard (Eo) and pH-dependent (EpH) 
redox potentials were also computed with and without explicit waters in SMD solvation 
model. Including explicit water molecules in calculations improved the calculated redox 
potentials only a little. However, the calculated E7 for guanine still had an error of about 
0.3 V compared to experiment. This error could possibly be due to the B3LYP functional 
used in that study. In the future, the computationally accurate composite methods such 
as CBS-QB3, G4, and W1 with explicit-implicit solvation model can be used to improve 
the results. 
The protocol developed in Chapter 5 was adapted to predict the pKa’s of thiols 
(Chapter 6), selenols (Chapter 7) and alcohols, phenols, and hydroperoxides (Chapter 
8). A collection of 175 different density functionals and the SMD implicit solvation 
model resulted in an the average error of of about 1 pKa units for imidazole, but an 
average of error of almost 10 pKa units for pKa’s of methanethiol and ethanethiol 
compared to experiment. This indicates the existence of a systematic error in the 
solvation model that needs to be addressed. We investigated the discrepancy in 
calculated pKa’s by using a test set of 45 substituted organic thiols with experimental 
pKa’s ranging from 4 to 12. The inclusion of an explicit water molecule that is hydrogen 
bonded with the H of the thiol group (in neutral) or S− (in thiolates) lowered the error by 
an average of 3.5 pKa units. The inclusion of three explicit water molecules lowered the 
calculated pKa further by about 4.5 pKa units. With the B3LYP and ωB97XD functionals, 
the calculated pKa’s were within 1 pKa unit of the experimental values. In Chapter 7, we 
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estimated the pKa’s of 30 organoselenols (16 with experimentally measured pKa’s) using 
3 different DFT functionals (B3LYP, ωB97XD, and M06-2X) with two basis sets (6-
31+G(d,p) and 6-311++G(d,p)) with 0, 1 and 3 explicit water molecules. For the 
compounds with experimentally measured pKa’s values, the values calculated with M06-
2X with one explicit water and ωB97XD and B3LYP functionals with three explicit 
waters predicted the pKa’s within 1 pKa units of the experimental value. An improved 
estimate of the pKa’s (MSE 0.21 ± 0.15) with a slope of 0.96 and an R2 value of 0.98 
was obtained by taking an average of the values calculated by the three methods. The 
same approach was used to estimate the pKa’s for the substituted organoselenols 
without experimental values.  
The protocol developed in Chapters 5, 6, and 7 was used in Chapter 8 to 
calculate the aqueous phase pKa’s of 70 organic compounds that included 17 aliphatic 
alcohols, 23 substituted phenols and 30 hydroperoxides. As in Chapter 7, three hybrid 
DFT functionals and two different basis sets with 0, 1, and 3 explicit waters in SMD 
implicit solvation were used. An accuracy of ±2.0 pKa’s units was obtained by using any 
of the three DFT functionals with the SMD and three explicit waters. pKa’s within 
chemical accuracy were obtained by using B3LYP functional with both basis sets. The 
pKa’s of 24 hydroperoxides without experimentally known pKa’s were also estimated. 
Even though the studies presented in Chapters 5-8 provide a reliable method for 
predicting pKa’s, improvements in the parametrization of the SMD solvation model are 
necessary to obtain better solvation energies for anionic species without using the 
explicit water molecules.  
Oxidatively induced damage to DNA can cause a variety of changes including 
		
335 
nucleobase modifications, nucleobase deletions, strand breaks, and the formation of 
DNA-protein cross-links (DPC). DPC formation has been observed under a range of 
oxidative conditions and the mechanisms involved in their formation have been the 
subject of study by several experimental groups in recent decades. A number of the 
experimental studies have shown that the distribution of the final cross-linked products 
depended on the nature of the oxidizing agents. One of the common targets of the 
oxidizing agents during the oxidative stress is the guanine because it has the lowest 
oxidation potential among the DNA nucleobases. In Chapters 9-11, we explored some 
of the mechanisms for oxidative damage to the DNA and DPC formation. In Chapter 9, 
we mapped out the potential energy surfaces for triplet benzophenone initiated, radical 
mediated oxidation of guanine leading to the formation of the mono- and dilysine 
substituted spiroiminodihydantion products by using DFT calculations with SMD 
solvation. The barrier heights, enthalpies, pKa’s, and reduction potentials were 
calculated for intermediates to find the lowest energy paths. Oxidation of the guanine 
forming guanine radical was favored over the oxidation of lysine. The barrier for the C8 
addition of lysine (or methylamine) was calculated to be smaller compared to the barrier 
for water addition and for the other reactions at C5 of the guanine. Most of the 
intermediate reaction steps were found to be highly exothermic. In the second 
nucleophilic addition step, the lysine and water addition reactions at the C5 position 
were found to be competitive, forming a mixture of 8-Lys-Sp and 5,8-diLys-Sp 
products, in agreement with the existing experimental data. 
Computational modeling of the reactions of singlet oxygen is quite challenging 
because of its multireference character. In Chapter 10 we investigated the oxidation of 
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guanine by singlet oxygen and the subsequent reaction pathways for nucleophilic 
addition of lysine to form guanine:lysine adducts by using a wide range of density 
functionals and wave functional methods including CCSD(T), BD(T), CASSCF and 
NEVPT2 methods. Yamaguchi’s approximate spin projection method was used for the 
cases with spin contamination. Unlike in concerted reactions seen in aromatic alternate 
hydrocarbons, oxidation of guanine by singlet oxygen was calculated to proceeded via a 
stepwise zwitterionic pathway to form guanine endoperoxide. The nucleophilic addition 
of lysine or water was predicted to happen after when the endoperoxide ring opens and 
a water molecule is lost. The barrier for lysine addition was computed to be significantly 
lower than for the water addition, favoring 5-Lys-Sp as a dominant product. We were 
able to explain the existing experimental product distribution under the similar reaction 
conditions.  
In Chapter 11, we explored some of the pathways for the formation of 
guanine:lysine crosslinks via sequential one-electron oxidation by sulfate radical. Since 
sulfate radical is a strong oxidant (Eo = ~2.5 V), two sequential one-electron oxidation of 
guanine could form an oxidized guanine intermediate, Gox. Both water and lysine 
addition reactions at the C8 position as well as at the C5 position of the guanine were 
calculated to proceed without any forward reaction barrier. As in Chapter 9, most of the 
intermediate steps were exothermic. The second nucleophilic addition of lysine had a 
slightly lower barrier than the barrier for water addition. This formed a mixture of three 
thermodynamically favored products, namely, 8-Lys-Sp, 5-Lys-Sp, and 5,8-diLys-Sp. 
The possibility of oxidation of other compounds present in the solution and their 
participation in the oxidation of guanine were not included in that study. The future work 
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can include the mapping of other possible oxidative pathways to predict the alternate 
mechanism to explain the observed experimental product distribution. Additionally, there 
are many other reactions involving oxidative damage to the DNA including oxidation by 
carbonate radical, NO2 and Na2IrCl6 can be explored in the future by using the approach 
discussed and developed in the Chapters 9-11. 
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This dissertation includes three topics: molecular dynamics in strong laser fields, 
pKa’s and redox potential calculations of bio–organic molecules, and oxidative damage 
of the nucleobases. Electronic structure calculations are used to provide a deeper 
understanding of experimental observations as well as to predict new results.  
Chapters 2, 3 and 4 investigate the fragmentation and isomerization reactions of 
small monocations in the presence of strong laser fields. In the presence of intense 
laser pulses with 800 nm wavelengths, Born-Oppenheimer classical trajectory 
simulations were performed to investigate the dynamics of methanol monocation on the 
ground state potential energy surface (Chapter 2). With initially added 75-125 kcal/mol 
energy and the applied laser fields, 79-81% of the trajectories were seen to produce H 
atom. H2 loss was found to be the second most frequent dissociation channel (9-13%) 
and isomerization of CH3OH+ to CH2OH2+ was the third most abundant reaction path (1-
3%). Chapter 3 compares the difference in dynamics of the methanol monocation in the 
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presence of 800 nm and 7 µm laser pulses. Randomly oriented methanol cations gained 
an average of 42 and 81 kcal/mol for 4 cycle 7 µm pulses with intensities of 0.88 × 1014  
Wcm-2 and 1.7 × 1014 Wcm-2 respectively, but only 0.5 and 2.0 kcal/mol from 4 cycle 800 
nm pulses with the same intensity. Chapter 4 explores the effect of changes in potential 
energy surface on the isomerization and dissociation reactions driven by the laser field 
for CH3NH2+, CH3OH+, and CH3F+. The amount of energy absorbed nearly doubled 
when the laser field was aligned along the C−X axis (X=NH2, OH, and F) and, also 
when the field intensity was increased from of 0.88 × 1014 to 1.7 ×1014 Wcm-2. 
Dissociation after isomerization was observed only in CH3F+ (0−6%). The amount of 
CH3+ + X dissociation for all three molecules increased when the laser field was aligned 
along C-X bond.  
Chapters 5-8 detail the development of a computational protocol for computing 
accurate pKa’s and redox potentials of various bio–organic compounds in aqueous 
solution. Chapter 5 investigates the effect of explicit water molecules with implicit 
solvation on the calculated pKa’s and redox potential of nucleobases. Using a few 
explicit water molecules and an implicit solvation model, the pKa’s and redox potentials 
of the nucleobases were found to be in good agreement with the experimentally 
measured values. The methodology is then expanded to calculate the pKa’s of larger 
sets of organic molecules such as thiols (Chapter 6), selenols (Chapter 7), alcohols, 
phenols and hydroperoxides (Chapter 8). A survey of a wide range of DFT functionals 
and basis sets with varying numbers of explicit waters were performed in each of those 
studies to determine the appropriate computational method and the number of explicit 
waters needed. At least one explicit water molecule was needed in all cases to reduce 
		
340 
some of the errors in implicit solvation model while three explicit waters were required to 
obtain the chemical accuracy. wB97XD/6-31+G(d,p) with three explicit waters in SMD 
implicit solvation predicted the pKa’s of organic substituted thiols and selenols within 1 
pKa units of the experimentally measured values. When three explicit waters were 
included along with SMD solvation, B3LYP/6-311++G(d,p) was found to perform the 
best for the alcohols, phenols, and hydroperoxides with very good agreement with the 
experimentally known pKa values.  
Chapters 9, 10 and 11 explore some of the pathways of guanine-lysine crosslink 
formation in aqueous solution in the presence of different oxidizing agents such as 
benzophenone photosenzetizer, singlet oxygen, and sulfate radical. Various reaction 
pathways in aqueous solution were investigated by DFT calculations with the SMD 
solvation model. In some cases, high level quantum chemistry calculations such as 
CCSD(T), BD(T), and CASSCF calculations were also used to achieve greater 
accuracy. The barrier heights, enthalpies, pKa’s and reduction potentials were 
calculated for intermediates to find the lowest energy paths. These chapters provide 
insight into some of the experimental findings, such as product distributions, the effect 
of pH, etc. 
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